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PREFACE

The sequence of earthquakes during 1811-12 in the New Madrid region has been a
seismological enigma, and the potential damage and loss of life that a repetition of these
earthquakes might cause has been ignored by most people. The earthquakes have been
an enigma because they occurred in a part of the country generally described as the stable
interior of a continent. The potential hazards of a repetition of them are commonly not
realized because much of the country was undeveloped and unsettled in 1811-12; conse-
quently, the earthquakes did not cause the massive amount of damage possible should a
similar sequence occur in the near future.

However, recent increased public, Federal, and State awareness of the potential earth-
quake hazard in the New Madrid, Mo., and contiguous regions has prompted initiation
of a variety of geological, geophysical, and geochemical studies at a scale never before at-
tempted in the Central United States. Prior to about 1973, most investigations related to
earthquakes in the region were made by faculty and students of St. Louis University using
only small financial resources. In 1973, new regional gravity and aeromagnetic surveys
were started by the USGS (U.S. Geological Survey). In 1974, the USGS funded St. Louis
University to establish a seismographic network to record and locate small earthquakes in
the New Madrid region, and about a year later the USGS started
geologic investigations

In 1976, the NRC (Nuclear Regulatory Commission) funded a six-State cooperative
project involving both State and university communities as principal investigators. The
principal objective of the cooperative project is to conduct investigations that will con-
tribute to the seismic-hazard assessment of nuclear power plants that might be affected by
a large earthquake in the New Madrid region.

Because a wealth of data has been acquired in the past few years, it seems propitious
and timely to publish a collection of this information, rather than having it dispersed in
many journals. The intent of this Professional Paper, therefore, is to publish, in one
volume, reports of both the USGS and other investigations that represent the present state
of knowledge of the seismicity and geology of the New Madrid region. Some of the results
of earthquake investigations in the New Madrid region have provided valuable informa-
tion for other geologic interests. For example, the inferred rift described in this volume,
and reports that preceded the present study, is of interest to petroleum companies
because of the possibility that thick sections of sedimentary rocks may occur within the
rift. Plutons inferred in the subsurface and chemical and mineralogical data from ig-
neous rocks penetrated by drill holes suggest the possibility of mineralization more
widespread than outcrops indicate.

We believe that the studies reported in this volume are major advances toward under-
standing the nature of earthquakes and earthquake hazards in the Midcontinent region.
Earthquake investigations in this region have in the past been assigned a low priority as
compared with those in the West. Now at last, as indicated by the following papers, the
importance of potentially destructive earthquakes in a region of high population density
has been acknowledged and a much higher priority has been assigned to the study of
earthquakes in this region.

We also believe that advances which have been and are continuing to be made in the
New Madrid region are due as much to the manner in which the investigators have
cooperated and shared their knowledge as to the talents of individual investigators. Most
complex geological problems require a multidisciplinary approach for their efficient and
rational resolution. The results of the investigations of the New Madrid region are a good
example of an integrated multidisciplinary effort to resolve a long-standing, complex
geological and seismological problem.
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Wood cut of scene of the great earthquake in the West (P-220 in Our First Century: One Hundred Great and Memorable Events, 187 7). Published with per-
mission of Historical Society of Missouri, Columbia.
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Overview and Discussion

By F. A. MCKEOWN
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OVERVIEW AND DISCUSSION 3

600-700 years (Nuttli, 1974; Russ, 1979; Russ, this volume)
compared with about 100 years for large earthquakes on the
San Andreas fault. The 500- to 600-year difference in recur-
rence intervals for an exposure time of 100 years reduces the
probability of exceeding a given level of ground motion by a
factor of two to three (K. Shedlock, oral commun., 1980).

Another disturbing aspect of earthquakes in the New
Madrid region is that their causes and the geologic structures
on which they occur are not understood. Furthermore, much
of the knowledge available from study of earthquakes in
Western United States does not seem applicable to study of
earthquakes in the New Madrid region. One case of inapplica-
bility is the profound difference between rates of tectonic de-
formation in seismically active regions of Western United
States and rates of deformation in the New Madrid region. For
example, the rate of movement in historic time along the San
Andreas fault zone is 2-3 cm per year. In contrast, the rate of
movement during the last 100 m.y.(million years) across a
fault zone that appears to be associated with some earthquakes
in the New Madrid region is less than 0.008 mm per year. Most
areas of high seismicity and large earthquakes around the
world are found where movement between oceanic and conti-
nental plates is occurring, and rational explanations can,
therefore, be given for the occurrence of the earthquakes.
Within continental plates of the United States, the cause of
localization and the crustal or mantle driving forces of earth-
quakes are still largely an enigma. However, seismologic, geo-
physical, and geologic data acquired since about 1974 have
begun to provide earth scientists with enough information to
advance reasonable explanations of at least the localization of
earthquakes in the New Madrid region. Explanation of the
driving forces however, is speculative.

The history of earthquakes in the New Madrid region has
been adequately described by a number of investigators. (See,
for example, Fuller, 1912; Nuttli, 1973a.)

Fuller’s account is the most descriptive and best documen-
ted. It has served as the basic document for subsequent investi-
gators’ studies of the New Madrid region. Restating much of
the detail that is already in the literature is unnecessary. A very
brief description of some of the effects is appropriate,
however, and emphasis on the effects and features of the New
Madrid sequence of earthquakes that now appear to be more
significant than early investigators recognized is warranted.

According to Fuller’s account, three major shocks occurred:
December 16, 1811; January 23, 1812; and February 7, 1812
(Fuller, 1912). Nuttli (1973a) provided evidence from a study
of intensity information which indicates that the first shock
was located about 100 km southwest of New Madrid near
Marked Tree, Ark. This location is supported in part by the
distribution of sand blows (Heyl and McKeown, 1978), as in-
dicated on figure 2. The last large shock, on February 7, 1812,
is presumed to have been in the vicinity of New Madrid. This
shock is reported by Nuttli to have been the largest of the three
principal shocks. Sand blows, however, are not nearly as abun-
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FIGURE 2. Distribution of sand blows produced by the 1811-12 earthquakes

dant or as large in the vicinity of New Madrid as they are to the
southwest. During the time between the three principal
shocks, many other smaller shocks occurred, some of which
were felt in places as distant as Washington, D.C.; Baltimore;
and other cities along the East Coast. It seems likely, therefore,
that all of the large and most of the smaller shocks occurred
under the area of most abundant sand blows. Most of the cur-
rent seismicity, as detected by the St. Louis University network
which has been in operation since 1974, is also largely confined
to the area of sand blows. This may be further confirmation of
the source zones of the 1811-12 sequence.

Three facts are preeminent about the New Madrid se-
quence of shocks: (1) the great distances at which they were felt
and caused damage, (2) the great number of shocks that ap-
parently were of large size (as indicated by reports of effects
and the great distances at which they were felt), and (3) the
long period of time over which they occurred.

The great distance at which earthquakes were felt and caus-
ed damages has been explained by low attenuation of seismic
waves (for example, Nuttli, 1973b; Evernden, 1975). The
reason for low attenuation in regions of Central and Eastern
United States has not been explained rigorously by physical
models but is well recognized and makes estimation of the size
of earthquakes in these regions a subject of controversy.

The large number and long aftershock sequence of large
shocks seem well documented, but no explanations have been
offered in the literature for these effects. Not only did many
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relatively large shocks occur for several months in the New
Madrid area, but the seismic activity apparently migrated nor-
thward and continued for at least 2 years. For example, small
shocks were felt almost daily at Saline Mines, formerly called
United States Saline, Ill., for 2 years (Fuller, 1912). Some of
the most severe of these shocks were felt in Kaskaskia, Ill., and
along the Wabash River. Whether these shocks were related to
the shocks near and south of New Madrid cannot be proved.
No similar long sequence in southern Illinois has occurred,
however, since the United States Saline shocks in 1812-14.

The detailed accounts of historic seismicity (Nuttli, this
volume) and present day seismicity (Stauder, this volume) pro-
vide more precise descriptions of the effects, size, and distribu-
tion of earthquakes in the New Madrid region than earlier
reports. Their work indicates that damaging earthquakes in
the region are commmon. That more damage was not caused
by the pre-1900 shocks is probably attributable to the fact
that much of the region did not have large towns or cities close
to the epicentral areas. Even today the areas of most intense
seismic activity are rural. However, the increasing size and
number of moderate-sized cities such as Memphis, Tenn., Lit-
tle Rock, Ark., and Paducah, Ky., and of towns serving farm-
ing communities such as Sikeston, Mo., Dexter, Mo.,
Paragould, Ark. and Forrest City, Ark., make the potential
damage much greater than it was 50-150 year ago.

The recording and analysis of present-day seismicity, as
reported by Stauder, have provided, for the first time, an in-
dication of specific zones of seismic activity which are
presumably related to specific fault zones. More detailed loca-
tions of zones are given in the study of seismicity in the New
Madrid, Mo.—Reelfoot Lake, Tenn., area conducted by
O’Connell and others (this volume). Their results are based on
data from a net of 19 seismometers spaced less than 5 km
apart. The results indicate that the seismicity is occurring on
several short north- and northwest-striking fault zones. The
geologic characteristics of the zones of seismicity and their ex-
tent, however, must be resolved by a variety of earth science
disciplines.

The first subsurface information indicating that the seismic
activity is associated with a rift about 70 km wide and more
than 200 km long is provided by the gravity and aeromagnetic
studies of Hildenbrand and others (1977), and Hildenbrand
and others (this volume). The extent of the rift to the
southwest is not yet known. A northeastern extension of it to
the Wabash Valley is postulated by Braile and others (this
volume). The deep-crustal and upper- mantle properties of
the rift have been described by Austin and Keller (this
volume); their model of the structure is consistent with models
of other intraplate rifts throughout the world. Swanberg and
others (this volume) identified a thermal anomaly in the New
Madrid region, but the limited spatial extent of the anomaly
indicates that it is not related to an upper-mantle source as
might be expected in an active rift zone. The lack of evidence

of active rifting is one of several enigmas that compound the
difficulty in explaining the driving forces of the earthquakes.

Studies of deformation are reported in this volume. Russ
demonstrated, using geomorphic methods, that an elongate
composite uplift of the surface occurs over the zone of most fre-
quent seismic activity in the vicinity of New Madrid, Mo.
Most of the uplift, known as the Lake County uplift, is younger
than 6000 years B.P. and parts of it formed between 200 and
2000 years B.P. Crone and Brockman (this volume), using
results of seismic-reflection profiling as reported by Hamilton
and Zoback (this volume), determined that the deformation of
the buried Paleozoic surface in the Lake County uplift area is
concordant with the surface uplift. No serious efforts have yet
been made to attempt prediction of earthquakes in the New
Madrid region. However, the study of radon-isotope emana-
tion by Steele and others (this volume) is a first step in assessing
the usefulness of the emanation method for predicting earth-
quakes.

The reader may find some differences in interpretation of
the same or similar data among the various investigators who
have contributed to this volume. This is to be expected when
the geologic complexity and imperfect knowledge of the region
are considered.

In the following parts of this introductory chapter, an at-
tempt will be made to integrate much of the recent earth-
science information reported in subsequent chapters with
earlier information and to present a generalized description of
the tectonic environment of New Madrid seismicity. In addi-
tion, the implications of earthquake source zones associated
with intraplate rifts will be discussed.

GEOLOGIC HISTORY

The geologic history of the New Madrid region or parts of it
has been described by a number of investigators from a variety
of perspectives. (See, for examples, Fuller, 1912; Stearns and
Marcher, 1962; Caplan, 1954; Grohskopf, 1955; Ervin and
McGinnis, 1955; and Heyl and Brock, 1961.) Until the past
few years when studies related to earthquakes were started by a
number of investigators, most previous work, except that of
Fuller, was related to mineral deposits in the Ozark Moun-
tains, southern Illinois, and western Kentucky; water
resources in the Mississippi Valley; and flood control in the
valley. The monumental work on the Mississippi Valley by
Fisk (1944) and later mapping of the upper part of the valley by
Saucier (1964,1974) and Smith and Saucier (1971) give details
of the Quaternary history of the embayment. More recently,
Russ (this volume) has started detailed studies of river terraces
and geomorphic features to search for evidence of Holocene
regional deformation.

On cursory examination, the geology (fig. 3) of the central
and lower Mississippi Valley area appears relatively simple.
Actually it has been and still is an area with very active and
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complex geological processes that probably started as early as
the late Precambrian and have continued intermittently to the
present. Knowledge of Precambrian events is inferred mostly
from rocks in the St. Francois Mountains of the Ozark uplift,
where thick extensive subalkaline to peralkaline rhyolitic tuffs
were deposited about 1.2 b.y. (billion years) ago
(Anderson,1970; Bickford and Mose, 1975; Kisvarsanyi, 1976;
and Kisvarsanyi, 1980). Alkaline granites were emplaced
about the same time. Precambrian igneous activity ended in
the area with intrusion of gabbro and diabase dikes. This ig-
neous activity is believed to have been accompanied by epeiro-
genic uplift and the formation of the “Reelfoot Rift” (Ervin
and McGinnis, 1975).

The area of the present Mississippi Embayment subsided in
early Paleozoic time, and a basin called the Reelfoot Basin
(Schwalb, 1971) formed with a center of deposition in the
vicinity of western Kentucky and southeastern Missouri.
Clastics followed by carbonates were deposited in Middle and
Late Cambrian time. By Silurian time the center of deposition
of the Reelfoot Basin had migrated northward and merged
with the southward-migrating Illinois Basin. Late Paleozoic
and Mesozoic uplift of the Reelfoot Basin resulted in forma-
tion and later erosion of the Pascola arch between the Ozark
Dome and Nashville Dome. The uplift apparently continued
until Late Cretaceous time as no younger Mesozoic sediments
have been found, and the arch apparently was emergent until
the Early Cretaceous. On the basis of reconstruction of the
stratigraphic section, Stearns and Marcher (1962) estimated
that at least 2.5 km and as much as 4.5 km of rocks were erod-
ed from the arch before subsidence started in the Late
Cretaceous. This subsidence and accompanying deposition of
predominantly clastic rocks continued into the Pleistocene
and probably the Holocene. Subsidence may have been occur-
ring about 6000 years B.P. when the Mississippi and Ohio
River systems changed from a braided to a meandering system
in the northern part of the Mississippi Embayment (Saucier,
1974). Certainly much of the alluvium that fills the eastern
lowlands of the Mississippi Valley was deposited during the in-
terval from about 20,000 to 6000 years B.P. (Saucier, 1974).
Interpretation of this deposition being related to subsidence
becomes a problem beyond the scope of this paper, however,
because it requires detailed consideration of climatic changes
and of the effect of sea-level changes on stream gradients and
loads. A rough comparison of rates of deposition since Late
Cretaceous time is shown in figure 4.

Deposition of sediments, largely of marine origin (Stearns,
1957), in the Mississippi Embayment was clearly most rapid
during the early Tertiary, which presumably indicates the
greatest rate of subsidence. The high rate of deposition of con-
tinental sediments calculated for the Quaternary Period may
indicate an increase in subsidence, but, as stated above, sea-
level and other changes may have had major effects on rates
and amount of deposition of alluvium in the valley of the
Mississippi and Ohio rivers.

FAULTS

This discussion of faults is separated from geologic history
because of their direct importance to earthquakes (fig. 3). The
fundamental questions to be answered in any study of the loca-
tion and cause of earthquakes in a particular region are (1)
where are the seismically active faults, and (2) what is the past
and present rate of movement of them. Extensions of the ques-
tions include consideration of the structural regime in which
the faults occur, their length, and their mode of displacement.

SURFACE FAULTS

The amount and history of faulting are not well known
because of cover by Quaternary sediments and because detail-
ed geologic mapping has not been done in much of the area.
The faults shown in the generalized map of the region (fig. 3)
are inadequate for comprehensive tectonic analysis. Even
more detailed compilations have limitations. As Heyl and
McKeown (1978) stated, for a more detailed map than is
shown in figure 3, most of the eastern Ozark Mountains, most
of western Tennessee, and most of southwestern Illinois have
not been mapped in detail, whereas western Kentucky and the
Fluorspar district of southern Illinois have been. Comparison
of the geologic structure among the areas is, therefore, not
justified. The New Madrid fault zone of Heyl and Brock
(1961) is suggested in part on the basis of the zone of northeast-
trending faults in southeastern Illinois. The trend, distribu-
tion, and abundance of faulting in southwestern Illinois,
however, are not known owing to lack of enough detailed
mapping.

Some gross inferences of major structural trends can be
made, particularly from a regional perspective. Major faults
such as the Palmer and Sims Mountain faults in the Precam-
brian and Paleozoic rocks of the St. Francois Mountains trend
predominantly west and northwest. The largest fault or fault
zone in the northeastern part of the Ozark uplift is the Ste.
Genevieve fault zone, which is part of the 38th parallel linea-
ment of Heyl (1972). The fault apparently had post-Devonian
movement and possibly post-Mississippian movement on it. In
contrast to the northwest strike of major faults, the trend of
diabase dikes in the St. Francois Mountains is predominantly
north (Gibbons, 1972). As noted by McKeown (1978), this
trend is coincident with the strike of most nodal planes in
focal-mechanism solutions of Street and others (1974).
Whether or not this coincidence in trends is causally related is
controversial, but the trend of diabase dikes is certainly in-
dicative of a structural grain related to major deep-seated
crustal stresses during the late Precambrian.

The northeast-trending faults in southern Illinois and
western Kentucky offset Mississippian and Pennsylvanian
rocks. They form a broad zone but, as mentioned above, their
western extent is unknown. Displacement on them is as much
as about 150 m, but none of the faults appears to be a major
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FIGURE 3. — Generalized fault map of the New Madrid region showing plutons, approximate rift boundaries, and epicenters of earthquakes detected from
July 1974 to June 1977.

structural feature. As noted by Heyl and McKeown (1978), minate at shallow depths (Bristol, 1975). More recent inter-

they appear to be tensional faults related to anticlines, and pretations of drill-hole data by Bristol and Treworgy (1979)
some of them in the Wabash Valley fault system may ter-

show that the major faults in the system probably extend to
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basement, which is 3.6~4.3 km below sea level. They also

show, as Bristol did earlier, that some faults die out with

depth.

Most of the youngest faults strike northeast and offset Ter-
tiary gravels (Lafayette Formation of former usage), whose age
is controversial. These gravels are generally considered to be
Pliocene (Potter, 1955), but some evidence suggests a Miocene
age (W. W. Olive, written commun., 1978). Recently, Russ
(1979) reported more than 3 m of offset of strata in Holocene
alluvium near the base of a scarp on the west side of Reelfoot
Lake. The tectonic significance of this fault is not clear,
however, and the reader is referred to Russ for details.

SUBSURFACE FAULTS

Recent exploration of the New Madrid region by gravity,
magnetic, and seismic-reflection-profile methods has tremen-
dously advanced knowledge of the tectonic framework of the
region. The first significant information on deeply buried
geologic structure has resulted from the gravity and aeromag-
netic surveys started under the leadership of Martin Kane, of
the USGS, in 1973. Maps (Hildenbrand and others, 1977) and
reports (Hildenbrand and others, this volume) show and
describe a major subsurface rift extending from the vicinity of
New Madrid, Mo., southwestward at least as far as the latitude
of Memphis, Tenn. The northeastern extent is not known. By
analogy with rifts in other parts of the world, particularly east
Africa, an abundance of faults may be inferred within the rift.
Available reflection profiles, however, do not show an abun-
dance of faults that offset post-Paleozoic rocks (Zoback, 1979;
Zoback and others, 1980; Hamilton and Zoback, this volume).
Very few reflections from below the surface of the Paleozoic
rocks occur in these profiles, however, and so the amount of

faulting in Paleozoic rocks is not well known. Only two of the
profiles have reflections below the Paleozoic surface. These
profiles were obtained along lines in the southern part of the
current zone of seismicity and cross the zone in two places.
Zoback and others (1980) interpreted the profiles as showing a
fault zone with a vertical offset of about 1 km in rocks of
Paleozoic age. In addition, they interpreted several small faults
that offset the Paleozoic surface with a cumulative vertical
displacement of about 50 m over a distance of 9 km. The zone
of small faults overlies the large fault zone, and both zones are
coincident with the northeast-trending zone of seismicity.
Because of the differences in the character of the seismic
signature of the deep reflectors on both sides of the inferred
large vertical offset and the relatively small vertical displace-
ment of the Paleozoic surface, an interpretation of some lateral
movement across the zone is permissible. Such an interpreta-
tion is compatible with focal- mechanism studies of Hermann
and Canas (1978). No unambiguous geologic evidence of
lateral movement is known; however, large (tens of kilometers)
movement can be precluded from stratigraphic relationships in
the Pascola arch area. Some investigators (Grohskopf, 1955;
Marcher and Stearns, 1962) have constructed pre-Cretaceous
subsurface geologic maps of the area. The drill-hole control for
these maps is poor, but it is adequate to define the gross
distribution of Paleozoic rock units. The continuity of the units
across the inferred rift does not suggest lateral movement.

Many small faults that offset the Paleozoic surface and rocks
of Paleocene and Eocene age occur locally in the Reelfoot Lake
area. Most of the faults cannot be correlated from one profile
line to another. A notable exception is the Cottonwood Grove
fault, defined and described by Zoback and others (1980). This
fault and subparallel faults are part of a small northeast-
trending fault system that appears to be on a projection of the
zone of seismicity along the axis of the rift. The system is about
3 km wide and 12 km long. However, neither epicenters nor
nodal planes of seismic events in the vicinity of the fault system
parallel the northeast trend of the system. Any relation bet-
ween structural and seismic trends is at best equivocal.

Prior to the inferred delineations of subsurface faults from
the reflection-profile data, the trends of epicenters reported by
Stauder and others (1976) and Stauder and others (this
volume) indicated the direction of seismically active faults or
fault zones. The longest trend extends for about 100 km from
Marked Tree, Ark., to about Caruthersville, Mo. Whether the
epicenters that define this trend are all related to a single long
fault or a zone of subparallel short faults along the axis of the
rift cannot be determined from any available data. The fact
that this trend is the longest, is along the axis of the rift, and is
coincident with the linear zone of sand blows caused by earth-
quakes in the New Madrid sequence of 1811-12 suggests that
it is related to a fault zone with the potential of having the
largest earthquakes in the region. This trend is not, however,
indicative of the structural complexity in the region. The
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seismological and geophysical data northeast of Caruthersville
in the vicinity of Reelfoot Lake provide insight into some of
this complexity. The trend of epicenters (Stauder and others,
this volume) indicates a north-northwest structural zone that
extends from near Dyersburg, Tenn., to near New Madrid,
Mo., where it bifurcates into an east-west branch and a nor-
theast branch. The branches occur approximately on edges of
the Bloomfield pluton (Hildenbrand and others, this volume).
Some of the more recent locations of earthquakes between
Dyersburg and New Madrid suggest that the north-northwest
zone may comprise an en echelon northwest- trending zone of
faults. Recent work by O’Connell and others (this volume)
shows northwest and north trends in seismic data acquired
from a portable network of 19 stations in the area.

In summary, even though more geophysical, seismological,
and geologic data are available for the area of currently most
frequent seismic activity than for any other area in the region,
exact delineations of seismogenic faults cannot yet be made.
The reader is referred to references cited earlier in this section
for more detailed information on subsurface structure as infer-
red from geophysical and seismological data. Many of these
data indicate the presence of many relatively small bodies of in-
trusive rocks. As these bodies of rock appear to have some rela-
tion to the location of some seismic activity and are probably
genetically related to repeated faulting and minor doming,
they may be of considerable significance to understanding the
seismic activity. Details of the relation of structure to intrusive
masses are given in Zoback and others (1980) and Hamilton
and Zoback (this volume).

INFERRED CHARACTERISTICS OF
SEISMICITY ASSOCIATED WITH RIFTS

As the available evidence strongly indicates that the seismici-
ty in the New Madrid region is associated with an ancient in-
traplate rift, a brief review of the evidence and an analysis of
the possible significance of the rift to characteristics of seismici-
ty are appropriate. It is unnecessary here to review the possible
causes and timing of the rift and its relation to other possible
rifts and tectonic events in Central and Eastern United States.
An excellent overview of these topics has been given by Hinze
and others (1980). In addition, the reader is referred to Burke
and Dewey (1973), Ervin and McGinnis (1975), Hoffman and
others (1974), Lidiak and Zietz (1976), and Rankin (1975) for
extensive discussion on and inferences about the location and
development of rifts. Perhaps more relevant to discussion of
the relation of seismicity to rifts are the data and concepts given
by Kumarapeli and Saull (1966). They argued convincingly
that the St. Lawrence Valley is a rift zone initiated in the
Mesozoic Era that may extend to the midcontinent region.
Further, they attributed current seismicity to the rift system. In
a later paper, however, Kumarapeli (1976) modified some of
the concepts presented in 1966. One of the chief criticisms of

the 1966 paper was that the St. Lawrence rift system is not cur-
rently an active extensional feature (Voight, 1969). Results of
in situ stress measurements presented by Voight indicate that
the region is under high horizontal compressive stress. This
observation of the current state of stress does not invalidate the
importance of Kumarapeli’s concepts of the distribution and
ages of the St. Lawrence rift system, or of the mineral
assemblages and seismicity associated with it.

That the rifts tend to be located along old structural
elements is widely recognized. (See Sykes, 1979, for a review of
evidence of reactivation of rifts.) It is significant to note that
the east coastal area of the United States, which was involved
with continental rifting in the Mesozoic, is today under com-
pression (Zoback and Zoback, 1980). Therefore, arguments
about whether a rift is currently in a state of compression or
extension are not necessarily relevant to explanations of why
earthquakes occur in rifts. What is relevant is that rifts are ma-
jor breaks in the crust that have properties more favorable for
the occurrence of earthquakes than adjacent less broken parts
of the crust.

Recognition of young or old rifts is of value to earthquake
studies because it helps to differentiate faults in a region that
extends to hypocentral depths of earthquakes from faults that
may or do not extend to depths of more than a few kilometers.
Recognition of rifts and an association of earthquakes with
rifts are important steps in attempts to understand the location
of earthquakes within continental plates. However, in concert
with this knowledge, efforts must be made to explain physi-
cally why earthquakes are more likely to occur in rifts than in
adjacent areas. Rigorous physical explanations cannot be
given yet, but several qualitative geologic explanations will be
given in subsequent paragraphs. Explanation of earthquakes
occurring in rifts may not only provide a basis as to why earth-
quakes occur where they do but also provide a possible basis to
estimate limits both on location and on source dimensions of
earthquakes in rifts. Explanations of earthquakes associated
with plate boundaries in Western United States, particularly
California, can be made; and these, along with empirical
data, are used to estimate source dimensions, size of earth-
quakes, zones of potential seismic activity, and so forth. The
tectonic environment of intraplate earthquakes in Central and
Eastern United States, however, is poorly known, and some
knowledge commonly used to describe and evaluate earth-
quakes in Western United States does not appear to be rele-
vant to studies of earthquakes in Central and Eastern United
States. Discussion of earthquake sources and dimensions in
this chapter, therefore, will be limited to the tectonic regime
of the New Madrid region and comparison with similar
regimes elsewhere in the world. The features of the regime
that need to be considered as a basis for estimating limits on
earthquake source dimensions and their physical
characteristics are (1) abundance, dimensions, and mode of
displacement of faults in and adjacent to intraplate rifts; (2)
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rates and kind of deformation occurring now or in the recent
past; and (3) physical characteristics and distribution of rocks
in rifts.

CHARACTERISTICS OF FAULTS IN RIFTS

The abundance of, dimensions of, and mode of displace-
ment on faults in the buried rift of the New Madrid region may
never be known in detail but may be postulated by analogy
with exposed rifts. According to interpretations of the aero-
magnetic and gravity data presented in this volume, major rif-
ting occurred in the late Precambrian or Early Cambrian. As
delimited by offsets of the aeromagnetic basement, the rift is
about 70 km wide and more than 200 km long. Relief on the
aeromagnetic basement is about 2 km. The bounding fault
zones have not been observed on the seismic-reflection profiles;
however, the profile lines did not extend far enough towards
the boundaries of the rift to detect the zones for certain. An ax-
ial zone of faults and probably intrusives has been identified in
reflection profiles southwest of Blytheville, Ark. (Zoback and
others, 1980). The northeastern and southwestern extent of the
zone is not known from available geophysical data. As a north-
eastern trend of seismicity that extends from Marked Tree,
Ark., to about Caruthersville, Mo., seems to be associated
with the axial zone, the zone may extend equally as far.
Reflection-profile data show faults of the Paleozoic surface, but
they are not particularly abundant and offsets are small. For
example, a cumulative offset of the Paleozoic surface of only 50
m occurs within a distance of about 9 km across the axial zone.

Studies of exposed active or recently active rifts in east Africa
(for example, Baker and others, 1972; Bailey, 1974; Barberi
and others, 1974; and King, 1970) provide examples of the
characteristics of faults and igneous rocks in rifts that may be
similar to the rift in the New Madrid region. These studies also
show, however, that rifts are quite complex and are varied
enough so that generalizations could be misleading. Neverthe-
less, it is reasonable to cite features of the East African rifts as
models for the New Madrid region. Where exposures are
good, detailed mapping shows an abundance of faults within
rifts (for example, Baker and others, 1972, figs. 11 and 12).
King (1970, p. 203) noted for the East African Rift System the
”...extraordinary intensity of faulting (ranging from Tertiary
to Recent) within their limits and the almost complete absence
of faults outside.” The rift in the New Madrid region,
therefore, may have an abundance of faults at a depth below
the top of the aeromagnetic basement, which presumably
represents Precambrian or Lower Cambrian igneous rocks,
that would have been involved in rifting. By analogy, if east
African-rift-type faults are present, they will typically be seg-
mented, intersecting, and en echelon; their lengths will com-
monly range from a few to about 15 km. In addition, King
(1970) has observed that the tectonic and igneous activity
migrates with time towards the center of rifts. It is reasonable
to expect, therefore, that the axial zone of a rift may be the

most disrupted and long-lasting zone of weakness. If so, it is
not surprising that some of the current seismicity in the New
Madrid region is along an inferred axial zone of the rift.

Rifts are the result of extensional tectonics. Causes of the ex-
tension are controversial, and the reader is referred to Bailey
(1974) for review of some of the controversy. It is not contro-
versial that faults within an active rift predominantly have nor-
mal dip-slip displacement. As mentioned earlier in this
chapter, however, the mode of displacement of faults initially
formed in a rift may change in accordance with changes in the
state of stress. The strike-slip and reverse fault mechanisms
reported by Herrman and Canas (1978) for modern earth-
quakes in the New Madrid region reflect the current state of
stress on faults in an ancient rift.

RATES OF DEFORMATION

As was briefly stated in the introduction to this chapter, the
rate of movement on faults in the New Madrid region is pro-
foundly less than the rate of movement on faults in an active
plate boundary system or the rate of movement of oceanic rifts.
A wide range in rate of fault slip can be calculated in the New
Madrid region, but the rates are all low relative to plate-
boundary motion. If the 50-m cumulative vertical displace-
ment of the Paleozoic surface across a width of 9 km, reported
by Zoback and others (1980), is assumed to have occurred in
the last 50 m.y., the rate of displacement is 0.001 mm/yr.
Another example is the 80-m vertical displacement on the Cot-
tonwood Grove fault, reported by Zoback and others (1980).
The total offset on this fault likely occurred in the last 50 m.y.
However, even if it is assumed to have occurred in the last 10
m.y., the rate is only 0.008 mm/yr. The largest rate of
displacement may be deduced from the work of Russ (1979).
He reported at least a 3-m vertical offset of alluvium exposed in
a trench near Reelfoot Lake in the last 2,000 years. This is a
rate of 1.5 mm/yr. All of these calculated rates of displacement
are more than an order of magnitude smaller than the 2-3
cm/yr horizontal movement measured along the San Andreas
fault. Another comparison of rates of fault slip can be made
using information from the Basin and Range province provid-
ed by R. C. Bucknam (oral commun., 1980). Rates of struc-
tural relief that may be presumed to have occurred on faults
range from 0.2 to 0.4 mm/year in a time range of 10°-107
years. On a shorter time scale, movement on the Wasatch
fault ranges from 1.1 to 1.7 mm/yr during the last 10* years.

Deformation by warping (uplift or subsidence) of large
areas of the land surface, however, is also an order of
magnitude different for the New Madrid region when com-
pared with the southern California uplift. Russ reports a 10-m
vertical displacement of the Lake County uplift area in the last
6,000 years, which is 1.6 mm/yr. Most of the uplift could have
occurred in the last 2000 years, which would be a maximum
rate of 4.8 mm/yr. In contrast, uplift and subsidence rates of
the southern California uplift are on the order of 1-3 cm/yr
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(Castle and others, 1976).

Another comparison of rate of tectonic deformation within
rift zones is given by Bailey (1974) and Baker and others
(1972). Bailey, citing other authors, reported extension rates
of 0.1 and 0.5 mm/yr for the Rhine and Kenya rifts, respec-
tively. Similarly, Baker and others reported maximum exten-
sion rates of 0.4-1 mm/yr for rifts in Ethiopia, Kenya,
Turkana, and Tanzania. As emphasized by Bailey, the rate of
extension of intracontinental rifts is more than an order of
magnitude less than the rate of extension of oceanic rifts,
which suggests that they are fundamentally different struc-
tures.

In view of the above examples of rates of various kinds of
tectonic deformation, it is not surprising that surficial
evidence of deformation associated with historic earthquakes
in the New Madrid region is lacking.

A deduction from the above data may be that the large
earthquakes (the 1811-12 sequence) were deeper than
postulated on the basis of attenuation studies (Nuttli, 1975b)
or that the source dimensions are smaller (Evernden, 1975).
Either circumstance would very likely preclude rupturing of
the surface or even offset of deeply buried Paleozoic rocks and
explain the lack of surface rupturing during the 1811-12 se-
quence of earthquakes.

CHEMICAL AND PHYSICAL
CHARACTERISTICS OF ROCKS IN RIFTS

The great abundance of alkalic rocks in or associated with
rifts is well documented. The fact that assemblages of these
rocks have unique chemical and physical characteristics and
originate in the upper mantle or lower crust makes any zone
that has an abundance of them of particular interest to a variety
of earth-science specialists. Interests include questions related
to the fields of economic geology and mineralogy and, of im-
portance to this discussion, the possible effect that assemblages
of alkalic rocks may have on the location of earthquakes. The
abundance of such rocks in or associated with the rift in the
New Madrid region can only be inferred. As all oﬁtcrops and
samples of rock from drill holes immediately adjacent to or
within the Reelfoot rift are alkalic, it is reasonable to infer that
an abundance of such rocks occur in the subsurface. The best
known occurrences of alkalic suites of rock in the region occur
at Magnet Cove, Ark. (Erickson and Blade, 1963), and in the
Little Rock, Ark., bauxite district (Gordon and others, 1958).
Earlier Williams (1891) described all of the known occurrences
of igneous rocks in Arkansas, all of which are alkalic. These
alkalic rocks occur in petrologically complex plutons that are
part of the northwest side of the Reelfoot rift; they range from
felsic to mafic varieties of alkalic rocks. The Magnet Cove
Complex includes carbonatite, which is common in areas of
rifting. Exploration drill holes for oil in Tennesse and Missouri
have penetrated syenite, lamprophyre, and mica peridotite
(Kidwell, 1951). Syenite was penetrated by a drill hole over the

Covington pluton about 80 km north of Memphis, Tenn,
Lamprophyre and mica peridotite were penetrated in drill
holes in southwestern Tennessee and southeastern Missouri.
As noted by Hildenbrand and others (this volume), these oc-
currences of alkalic rocks range from Permian to Cretaceous in
age. Interpretations of seismic-reflection profiles (Zoback and
others, 1980; Glick, this volume) suggest Tertiary intrusive ac-
tivity. This range in age of alkalic intrusive rocks along the
boundaries of a Precambrian or Early Cambrian rift is indica-
tive of renewed rift tectonics.

The characteristics of alkalic rocks that may affect the loca-
tion of seismicity are their origin in the upper mantle or lower
crust; their original, very high content of volatiles; and their
wide range in mineralogic composition. Convincing argu-
ments and data support the view that alkalic rocks are derived
from the upper mantle or lower crust (for example, Bailey,
1974). Bailey also stated (p. 155), “Abnormal enrichment in
volatiles and alkalies is the keynote of rift magnetism.” The
wide range in mineralogic composition is well documented in
the study of the Magnet Cove area by Erickson and Blade
(1963); it requires the interpretation that the elastic moduli
and density of the rocks also range widely. These characteris-
tics, as they may relate to earthquakes, are discussed in the
next section.

POSSIBLE SIGNIFICANCE OF
ALKALIC-ROCK
CHARACTERISTICS TO SEISMICITY

In addition to the fact that alkalic rocks have deep-seated
origins and therefore must have penetrated through deep frac-
tures in the crust to reach shallow crustal levels, they prompt
suggesting a speculative hypothesis that is relevant to seismicity
in rifts. Briefly, the hypothesis presented in this section is that
the volatile content of rocks in the rift of the New Madrid
region was or is still high enough to make them particularly
weak because of increased porosity and (or) high pore pressure
compared with rocks not associated with the rift. Further-
more, the large contrasts in rock types, ranging from very
dense mafic rock to much less dense felsic rock, provide dif-
ferences in elastic moduli that may cause local concentrations
of stress. Arguments to support this hypothesis rest principally
on the assumption that a variety of alkalic rocks are present in
the rift, as available evidence previously given indicates, and
that extrapolation of the amount of volatiles and their effects
on the strength of materials are as given in the literature.

The volatile content of alkalic rocks, particularly those that
never reached the surface, is difficult to document. Roedder
(1965) noted in his study of CO; inclusions in olivine-bearing
nodules that the volume percent of CO, ranged widely, from a
few parts CO, per trillion of rock to as much as 8 percent in in-
dividual grains of olivine. Studies of phase relationships of
compounds in the mantle and lower crust provide some insight
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into the limits of the volatile content of magmas and rocks. As
mantle magma cannot dissolve more than 5 percent CO, at
depths above 80 km but may contain 40 percent CO, below 80
km, a large amount of CO; is presumably exsolved as the
magma ascends. This potentially large exsolution of CO, may
be an explanation of the explosive emplacement of kimberlites
(Wyllie and Huang, 1976). The many occurrences of
diatremes (Heyl and McKeown, 1978) are evidence that ex-
solution of CO, has occurred on a large scale in the New
Madrid region. A further argument that the alkalic rocks in
the region contained a high volatile content is that CO, and
H;0 must be present to explain alkalic magmas (Wyllie,

1978).
The best quantitative information on the volatile content of

alkalic rocks similar to those penetrated by drill holes in the
New Madrid region is in the studies of the Magnet Cove area,
Ark., by Erickson and Blade (1963). In table 46 of their
report, the computed values of volatiles in Magnet Cove rocks
and average igneous rocks are as follows:

Rocks of Magnet Cove Complex Average igneous rocks

(percent) (percent)

COg............ 2.3 0.10
Cl............. 14 .05
Fl ............. .23 .03
Steg 11 —
S 54 .05
Total ... .. 3.32 0.23

They also calculated that the end fraction of magma, which
was 9 percent of the original Magnet Cove magma, contained
more than 10 percent CO,. It is assumed that this excess CO,
combined with CaO to form carbonatite bodies. As the exact
quantities of compounds and elements in the end fraction of
magma are not known, it is impossible to compare excesses
and deficiencies in them with stoichiometric calculations.
Considering the generally known fact that all volcanic activity
includes discharges of large amounts of volatiles, it is
reasonable to assume that an excess of those that do not com-
bine to form crystalline products is present in all magmas.
This is not to say that all excess volatiles remain trapped in the
solidified magmas of intrusive and extrusive bodies of igneous
rock. But it is certainly reasonable to assume that rocks deriv-
ed from highly volatile magma will have a greater residual un-
combined, trapped volatile content than rock derived from
magma with a low volatile content.

The above information and arguments are given simply to
support the concept that even though no quantitative infor-
mation on the porosity or volatile content of deeply buried
alkalic igneous rocks in the region is available, the probability
is high that they should still contain more volatiles or have
higher porosity than adjacent metamorphic or granitic rocks
whose source zones are at much shallower crustal depths than
those of alkalic rocks and that did not evolve from a magma
with an extremely high content of volatiles.

Given the preceding hypotheses about the physical

characteristics of deeply buried rocks in the rift zone in the
New Madrid region, one can conclude that (1) trapped
volatiles in phenocrysts, miarolitic cavities, or other bubbles
are likely to be under high pressure; and (2) whether or not the
volatiles have reacted with minerals or escaped through frac-
tures or other permeable channels, the alkalic rocks are likely
to have a higher porosity than adjacent country rock.

The first conclusion is based on the supposition that the
magma, which persumably starts exsolving CO, at a depth of
about 80 km would trap (25 kb), CO; or other volatiles at
high pressure as crystallization of the magma occurs during its
upward ascent. This process, therefore, would result in a rock
having high pore pressure, an environment conducive to gen-
eration of earthquakes.

The second conclusion permits suggesting a similar environ-
ment but one in which the pore pressure would not be greater
than the lithostatic load, or the hydrostatic load if the pores
were interconnected to a hydrologic system. As demonstrated
by Hubbert and Rubey (1959) and suggested earlier by Yoder
(1955), pressure in rocks with very low permeability and with
pores essentially isolated approximates the weight of the over-
burden. Similar to the environment derived from the first con-
clusion, this environment of high, though not abnormal, pore
pressure would be conducive to generation of earthquakes.
The normal stress across any shear plane in rocks in either en-
vironment would be reduced by the pore pressure (Hubbert
and Rubey, 1959).

Pore-pressure effect, as hypothesized above, may be the
largest factor contributing to the localization of earthquakes
in the New Madrid region, but porosity alone could contribute
to weakening of the rock, particularly if the porosity is greater
than a few percent. Experiments to determine the empirical
relationship of the stress required to cause brittle fracture of
rocks as a function of porosity have been made by Dunn and
others (1973) on sandstone and quartzite. Hoshino (1974)
reported results of similar experiments on argillaceous and
arenaceous rocks. Prior to the experiments on rocks, ex-
periments on the properties of ceramics had determined a
relationship of strength to porosity (for example, Ryshkewitch,
1953; Coble and Kingery, 1956; Knudsen, 1959; and Fried-
man, 1976). The empirical data from these experiments for
both rocks and ceramics indicate large changes in strength for
small changes in porosity at low values of porosity. As ex-
amples of the range in percentage change in strength as a
function of porosity, data from Hoshino (1974) and Dunn and
others (1973) are cited. Hoshino (1974) determined about a 10
percent reduction in compressive strength of argillaceous rocks
for a change in porosity from 1 to 5 percent at a confirming
pressure of 100 bars. Data on sandstone and quartzite,
reported by Dunn and others (1973), show a 60 percent reduc-
tion in compressive strength for a change in porosity from 1 to
5 percent at a confining pressure of 1000 bars. According to
the experimental data on rocks, at higher confining pressures
the reductions in strength are larger. These relatively large
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changes in strength of rocks as a function of porosity indicate
that the small difference in porosity inferred from the
petrologic characteristics and origin of alkalic rocks compared
to other igneous types of rocks may be very significant to the
interpretation of the relationship of seismicity to type of ig-
neous rock.

The actual porosity of rocks at the depths of earthquakes in
the New Madrid region is of course unknown and may never
be known. Some insight on the porosities can be gained from
measured porosities of igneous rocks reported in the literature.
Farbeov and Levykin (1971) noted that the differences in
elasticity among some rocks could not be explained by dif-
ferences in mineral computations. The relatively low elasticity
of some ultrabasic xenoliths was due to microporosity of as
much as 5 percent. Measurement of intragranular porosity
calculated from bulk and grain densities of a variety of syenites
ranges from 0.6 to 0.9 percent (Wuerker, 1956). Additional
perspective on the range in porosities of igneous rocks can be
gained from some of the abundant physical-property
measurements of igneous rocks at the NTS (Nevada Test Site),
even though these rocks are not alkalic. Porosities of quartz
monzonite and granodiorite from the Climax stock at the NTS
average 0.71 percent, 1.08 percent, and 1.55 percent for fine-
grained quartz monzonite, medium-grained quartz mon-
zonite, and granodiorite respectively (Maldonado, 1977). It
should be noted, perhaps emphasized, that the porosities cited
above are for a type of rock that probably did not have as high
a volatile content as alkalic rocks. Alkalic rocks that have
higher volatile content and that were emplaced under exten-
sional tectonic conditions of a rift may certainly be expected to
have a total in situ porosity higher than that of the intrusive
rocks at NTS and rocks of similar composition elsewhere. A
higher porosity of only a few percent would result in alkalic
rocks in a rift being significantly weaker than nonalkalic rocks
outside of a rift.

The concept of stress amplification around masses of rock
surrounded by other rocks with different elastic moduli has
been proposed by Kane (1977), Long (1976), and McKeown
(1978). In the author’s opinion, this concept must be con-
sidered as an explanation for local control on the distribution of
earthquakes in the New Madrid region because of the
divergence in trends of epicenters near the Bloomfield pluton.
Geophysical, outcrop, and drill-hole information strongly in-
dicates an abundance of mafic intrusive masses ranging in size
probably from a few tens of meters to several tens of kilometers
in their greatest horizontal dimensions. That intrusives having
different elastic moduli than the host rock cause stress concen-
trations is well documented (for example, Oudenhoven and
others, 1972). It seems reasonable to expect that some if not all
of the intrusive masses in and associated with the rift will cause
local perturbations and concentrations in the regional stress
field and, therefore, have an effect on the location of earth-
quakes.

SUMMARY

The environment of the source zones of earthquakes in or
associated with the rift in the New Madrid region can be sum-
marized as follows:

1. A large number of faults are likely present, such as those
mapped in rifts of east Africa. Individual faults probably
have lengths less than 15 km.

2. The felsic-to-mafic range in composition of igneous rocks
results in large contrasts in density and elastic module.

3. The pore pressure and (or) porosity is likely to be higher in
rocks within or immedately adjacent to the rift than
elsewhere in the region.

4. As the alkalic rocks originated in the lower crust or upper
mantle, some faults must extend essentially through the
crust.

The above four factors suggest that earthquakes in the rift
may have the following characteristics:

1. Source dimensions should be less than 15 km in length.

2. Multiple rupturing may occur because of close spacing and
interconnection of faults.

3. Local contro! of the distribution of earthquakes should
occur because of stress concentrations around bodies of
rock that have grossly different physical properties, as
postulated by Long (1976), Kane (1977), and McKeown
(1978).

4. Because of the high pore pressure and (or) porosity, ruptur-
ing may occur on relatively low stress levels.

5. As some faults may extend through the crust, some earth-
quakes may have deep hypocenters.
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DAMAGING EARTHQUAKES OF THE
CENTRAL MISSISSIPPI VALLEY

By OTTO W. NUTTLI'

ABSTRACT

The history of damaging earthquakes in the central Mississippi valley
began on December 16, 1811, with the initiation of the great series of earth-
quakes of the winter of 1811-12. Three major earthquakes, plus 203 damag-
ing aftershocks, occurred in the $3-month interval from December 16, 1811,
through March 15, 1812. The body-wave magnitudes of the major earth-
quakes were 7.35, 7.2, and 7.5. The body-wave magnitudes of the damaging
aftershocks ranged from 5.0 to 6.7.

Since 1812, 20 damaging earthquakes have occurred in the central
Mississippi valley of epicentral intensity VI-VII to IX and of body-wave
magnitude 5.0 to 6.2. This seismic activity is greater than that of any other
region in the Central or Eastern United States.

The three major earthquakes of 1811-12 occurred in the central portion
of the New Madrid fault zone. All 20 later damaging Earthquakes occurred
at the two ends of the fault zone, suggesting that the 1811-12 series released
the accumulated stress in the central part. Microearthquakes have occurred,
however, in large numbers in the central portion.

INTRODUCTION

Much has been written about the great series of earthquakes
that occurred in the central Mississippi valley in the winter of
1811-1812. But it is not as well known that, since that time,
the region has experienced 20 damaging earthquakes; that is,
earthquakes of epicentral intensity greater than VI. On the
basis of these earthquakes alone, the region would be con-
sidered to be the most seismically active area of the Central
and Eastern United States. This paper will give a brief account
of each of the earthquakes, including location, epicentral in-
tensity, magnitude, and a description of the damage.

THE 1811-12 EARTHQUAKES

Little information exists about the seismicity of the central
Mississippi valley prior to the nineteenth century. Five earth-
quakes are known to have occurred between 1776 and 1804
(Coffman and von Hake, 1973), but it is likely that many were
not reported during that time interval. The seismic history of
the region actually began with the activity that took place in
the winter of 1811-12.

' Department of Earth and Atmospheric Sciences Saint Louis University, St. Louis, Mo. 63156,

EARTHQUAKE OF DECEMBER 16, 1811

At 2:15 a.m. (local time) the entire Central United States
and much of the Eastern United States was shaken by a major
earthquake, the first of a series of events that continued
strongly through the spring of 1812 and to a lesser degree for
more than 5 years after that. Fuller (1912) gave a description
of these earthquakes, particularly of their physiographic ef-
fects, some of which were still visible upon his inspection of the
area almost 100 years after the occurrence of the Earthquakes.
Nuttli (1973a) prepared an isoseismal map, based on contem-
porary newspaper reports, and gave the epicentral intensity
and body-wave magnitude as X-XI and 7.2, respectively. In
subsequent studies (Gupta and Nuttli, 1976; Nuttli and
others, 1979), Nuttli revised the value of epicentral intensity
upwards to XI and of the body-wave magnitude to 7.35.

Copies of the newspaper reports on the effects of the earth-
quake are contained in Nuttli (1973a). The earthquake was
noteworthy for the large damage area (radius of approximate-
ly 600-700 km) and the large felt area (5,000,000 km?). These
large areas are a consequence of both the low attenuation of
highfrequency wave energy in the Central United States (Nut-
tli, 1978b, 1978) and the size of the earthquake. Practically
speaking, the upper limit of the body-wave-magnitude, mp,
scale is about 7.5. The greatest earthquakes occurring
anywhere in the world will not have my, values exceeding 7.5.
Thus this earthquake was near the upper limit of the body-
wave-magnitude scale. However, although it was a very large
earthquake, the implication is not that it was the greatest to
occur in the world. Unlike the body- and surface-wave-
magnitude scales, the seismic-moment scale does not get
saturated and thus is a better measure of the strength of great
earthquakes. Herrmann and others (1978) estimated the total
seismic moment for the three 1811-12 earthquakes to be
6 X 10%” dyne-cm. By comparison, the moment of the 1906 San
Francisco earthquake has been estimated both by Thatcher
(1975) and by Sieh (1977) to be 4 X 10¥” dyne-cm. The 1952
Kamchatka earthquake had a moment of 350 X 10%” dyne-cm;
and the 1960 Chilean earthquake, the greatest in the last two
centuries, had a moment of 2000 X 102’ dyne-cm (Kanamori,
1977).

15
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From a description of the damage accounts of the earth-
quake, Nuttli (1973a) found the epicenter to be southwest of
the town of New Madrid, Mo. Although a precise epicenter
could not be determined, it almost certainly lies on the
southwest branch of the New Madrid fault zone, as delineated
by microearthquakes (Stauder and others, 1976). Tentative
coordinates of lat 36° N., long 90° W. were assigned by Nuttli
(1973a).

EARTHQUAKE OF JANUARY 23, 1812

The December 16, 1811, earthquake was followed by a
series of aftershocks, some of which were large, destructive
events. The aftershock series was interrupted by the occur-
rence of a second major earthquake at 9 a.m. (local time) on
January 23, 1812. This earthquake also was felt as far away as
the Atlantic and gulf coasts. The revised value of epicentral in-
tensity is X-XI (Gupta and Nuttli, 1976) and of body-wave
magnitude is 7.2 (Nuttli and others, 1979). The felt area was
approximately 5,000,000 km?. The epicenter probably was at
the northern end of southwest branch of the New Madrid fault
zone. Its epicentral coordinates thus would be lat 36.3° N.,
long 89.6° W. (Nuttli, 1973a).

EARTHQUAKE OF FEBRUARY 7, 1812

The largest of the so-called New Madrid earthquakes occur-
red on February 7, 1812, at 3:45 a.m. (local time). It com-
pletely destroyed the town of New Madrid, which was ap-
parently near the epicenter. Nuttli (1973b) assigned epicentral
coordinates of lat 36.5° N., long 89.6° W. Newspaper and
other reports of the 1811-12 earthquakes often did not
distinguish among the events, so there were too few reliable
data to construct isoseismal maps for this or the January 23
earthquake. The revised value of epicentral intensity is XII
(Gupta and Nuttli, 1976) and of body-wave magnitude is 7.5
(Nuttli and others, 1979). The felt area was at least 5,000,000
km?,

AFTERSHOCKS OF THE 1811-1812 SEQUENCE

The aftershock activity of the 1811-1812 earthquakes was
noteworthy. Contemporary observers remarked that the earth
seemed to be in a continuous state of unrest during the entire
winter of 1811-1812. One particularly astute observer, Jared
Brooks’ of Louisville, Ky., set up horizontal pendulums and
vertical mass-spring systems to detect and measure the size of
the movement produced by the earthquakes. He also classified
them as to their degree of violence at Louisville, some 400-500
km from the epicenter. Fuller (1912) reproduced Brooks’ clas-
sification of earthquake intensities, from which Nuttli (1973a)
was able to assign body-wave magnitudes for the earthquakes
reported by Brooks from December 16, 1811, through March
15, 1812. There were 62 damaging aftershocks from
December 16 to January 23, 30 from January 23 to February 7,
and 111 from February 7 through March 15.

A plot comparing the cumulative number of earthquakes in
the New Madrid area and in southern California as a function
of their magnitude (my, for the Mississippi valley, M, for
southern California) was prepared (fig. 1). The two straight-
line curves are almost coincident, which indicates that the
number and the magnitude of earthquakes that occurred in
the New Madrid fault zone in 3 months equaled that which oc-
curred in southern California in 41 years. This is a remarkable
phenomenon, which further attests to the large energy release
accompanying the 1811-12 earthquakes.
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FIGURE 1.—Magnitude-recurrence curves for 3-month interval of New
Madrid earthquakes in 1811-12 and for 41-year interval of southern
California earthquakes from 1932 through 1972. Crosshatched area
of index map shows southern California source area considered.
Crosses refer to New Madrid data (my,), circles to southern California
data (M) (Hileman and others, 1973).

OTHER DAMAGING EARTHQUAKES

Although activity subsequent to the 1811-12 earthquakes
does not compare in strengh or in number to those events, it
nevertheless is large enough on its own to justify the classifica-
tion of the region as a seismically active one. A description of
the 20 damaging earthquakes follows.

EARTHQUAKE OF JUNE 9, 1838

The earthquake of June 9, 1838, had its epicenter in south-
central Illinois, about 100 km east of St. Louis. Nuttli (1974)
gave the coordinates as lat 38.5° N., long 89° W, the epicen-
tral intensity as VII-VIII, the felt area as 500,000 km?, and
the body-wave magnitude as 5.7. Part of a chimney was
thrown down in St. Louis (Coffman and von Hake, 1973).
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EARTHQUAKE OF JANUARY 4, 1843

Nuttli (1974) prepared an isoseismal map of the January 4,
1843, earthquake on the basis of contemporary newspaper ac-
counts. The earthquake occurred at 8:45 p.m. (local time)
and was felt over an area of 1,500,000 km?. The epicentral in-
tensity was estimated to be VIII, and the body-wave
magnitude 6.0. The epicenter was placed at approximately lat
35.5° N., long 90.5° W., at the center of the intensity-VII
isoseism. This location is compatible with the observations
that at Memphis the shocks appeared to come from the north-
west and that at Helena, Ark., where some chimneys were
thrown down, the shock was more severe to the north.
Chimneys also were thrown down at Mills Point, Tenn. Coff-
man and von Hake (1973) reported that walls were cracked,
chimneys fell, and windows were broken in Memphis and that
one chimney fell in St. Louis.

EARTHQUAKE OF OCTOBER 8, 1857

The epicenter of the October 8, 1857, earthquake was near
that of the June 9, 1838, event. Nuttli (1974) gave the epicen-
tral coordinates as lat 38.7°N., long 89.2° W, with a felt area
of 200,000 km?, an epicentral intensity of VII, and a body-
wave magnitude of 5.4. He also gave an isoseismal map for the
earthquake. At Centralia, Ill., near the epicenter, chimneys
were demolished. At Belleville, I1l., to the west, some plaster
fell and bricks were dislodged from an old chimney. Coffman
and von Hake (1973) reported that plaster fell and bricks were
dislocated at St. Louis, about 100 km west of the epicenter.

EARTHQUAKE OF AUGUST 17, 1865

From newspaper accounts of the August 17, 1865, earth-
quake, Nuttli (1974) placed the epicenter north of Mempbhis at
lat 35.5° N., long 90.5° W. Its felt area was 250,000 km?,
epicentral intensity VII, and body-wave magnitude 5.3.
Damage at Mempbhis consisted of bricks knocked out of
parapet walls, tops knocked off chimneys, and broken win-
dows. Coffman and von Hake (1973) reported that objects fell
from shelves and chimneys were damaged at New Madrid,
Mo.

EARTHQUAKE OF APRIL 12, 1883

The effects of the earthquake of April 12, 1883, were con-
fined to the epicentral region near Cairo, Ill., where one old
frame house was reported shaken down (Coffman and von
Hake, 1973). Nuttli (1979) gave its epicentral coordinates as
lat 37.0°N., long 89.2° W., its epicentral intensity as VI-VII,
and its body-wave magnitude as 4.0.

EARTHQUAKE OF OCTOBER 31, 1895

The October 31, 1895, earthquake was the largest to occur
in the central Mississippi valley after 1812. Newspaper

coverage was unusually thorough, allowing Nuttli (1974) to
construct a fairly detailed isoseismal map. The earthquake
was felt as far away as the gulf and Atlantic coasts. The felt
area was 2,500,000 km?. The epicenter was near the town of
Charleston, Mo., with coordinates of lat 37.0° N., long 89.4°
W. Epicentral intensity was IX and body-wave magnitude 6.2.
Coffman and von Hake (1973) reported that near Charleston
16m? of ground sank and a lake was formed. At Cairo, Ill.,
church steeples were twisted and chimneys were cracked and
demolished. Near Bertrand, Mo., hundreds of mounds of
sand were piled up, ranging from 30 cm to 3 m in diameter.

EARTHQUAKE OF APRIL 29, 1899

On the evening of April 29, 1899, southwestern Indiana and
southeastern Illinois were shaken by an earthquake. The
epicentral coordinates were lat 38.8° N., long 87.0° W, the
felt area was 100,000 km?, the epicentral intensity VI-VII,
and the body-wave magnitude 5.0 (Nuttli, 1979). Coffman
and von Hake (1973) stated that the earthquake was strongest
at Jeffersonville and Shelbyville, Ind., and that a few chimneys
were thrown down and brick walls cracked at Vincennes, Ind.

EARTHQUAKE OF NOVEMBER 4, 1903

The earthquake of November 4, 1903, was unusual in that
it was accompanied by a foreshock and two aftershocks (Coff-
man and von Hake, 1973). Building walls were cracked at
New Madrid, Mo., and Cairo, Ill., and chimneys fell at Cape
Girardeau, Mo. Nuttli (1979) gave the epicentral coordinates
as lat 36.9° N., long 89.3° W., the felt area as 340,000 km?,
the epicentral intensity as VII, and the body-wave magnitude
as 5.3.

EARTHQUAKE OF AUGUST 21, 1905

The August 21, 1905, earthquake had epicentral coor-
dinates of lat 36.8° N., long 89.6° W., a felt area of 325,000
km2, an epicentral intensity of VI-VII, and a body-wave
magnitude of 5.0 (Nuttli, 1979). Coffman and von Hake
(1978) reported that chimneys were thrown down and a wall
cracked at Sikeston, Mo.

EARTHQUAKE OF MAY 26, 1909

The earthquake of May 26, 1909, occurred in northern
Illinois. Its epicentral coordinates were lat 42.5° N., long
89.0° W, its felt area 800,000 km?, its epicentral intensity
V11, and its body-wave magnitude 5.3 (Nuttli, 1979). Docekal
(1970) reported that damage was centered at Aurora, Ill.,
where many chimneys fell and a stove was overturned. He also
reported that chimneys fell in Waukegan, Ill., and in the
suburbs of Chicago. Brick walls cracked at Bloomington, Ill.,
sidewalks at Freeport, Ill., and an old building at Platteville,
Wis. Houses were thrown out of plumb in Beloit, Wis.
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EARTHQUAKE OF JULY 18, 1909

Central Illinois was shaken by an earthquake on the evening
of July 18, 1909. Coffman and von Hake (1973) reported that
many chimneys were thrown down at Petersburg, Ill., Han-
nibal, Mo., and Davenport, Iowa. More than 20 windows
broke, brick was pushed out over the doorway arches, and
plaster cracked near Petersburg, Ill. Nuttli (1979) gave the
epicentral coordinates as lat 40.2° N., long 90.0° W., the felt
area as 100,000 km?, the epicentral intensity as VII, and the
body-wave magnitude as 5.3.

EARTHQUAKE OF SEPTEMBER 27, 1909

The epicentral coordinates of the September 27, 1909,
earthquake were lat 39.5° N., long 87.4° W. (Nuttli, 1979).
The felt area was 250,000 km?, the epicentral intensity VII,
and the body-wave magnitude 5.3. Docekal (1970) reported
that Terre Haute, Ind., suffered two downed chimneys, crack-
ed plaster, and severed light connections. A few windows were
broken and chimneys thrown down in Covington, Ind.

EARTHQUAKE OF NOVEMBER 26, 1922

Docekal (1970) reported that the earthquake which occur-
red on the evening of November 26, 1922, broke windows and
overturned chimneys at Eldorado, Ill. Its epicentral coor-
dinates were lat 37.5° N., long 88.5° W, its felt area 130,000
km, its epicentral intensity VI-VII, and its body-wave
magnitude 5.0 (Nuttli, 1979).

EARTHQUAKE OF OCTOBER 28, 1923

The earthquake of October 28, 1923, occurred near the
southern limit of the New Madrid fault zone. At Marked Tree,
Ark., windows were shattered, several old chimneys were raz-
ed, and walls were cracked (Coffman and von Hake, 1973).
The epicentral coordinates were lat 35.5° N., long 90.4° W,
the felt area 120,000 km? the epicentral intensity VII, and the
body-wave magnitude 5.3 (Nuttli, 1979).

EARTHQUAKE OF APRIL 26, 1923

On the evening of April 26, 1925, an earthquake in the
Wabash valley near Princeton, Ind., caused chimneys to fall
(Docekal, 1970). The epicentral coordinates were lat 38.3°
N., long 87.6° W., the felt area 250,000 km?, the epicentral
intensity VI-VII, and the body-wave magnitude 5.0 (Nuttli,
1979).

EARTHQUAKE OF MAY 7, 1927

The earthquake of May 7, 1927, had epicentral coordinates
of lat 35.7° N., long 90.6° W., a felt area of 300,000 km?, an
epicentral intensity of VII, and a body-wave magnitude of 5.3
(Nuttli, 1979). Chimneys fell at North Jonesboro, Ark. (Coff-

man and von Hake, 1973). Docekal (1970) reported broken
windows and dishes at Mempbhis.

EARTHQUAKE OF DECEMBER 16, 1931

The December 16, 1931, earthquake occurred in northern
Mississippi and was felt over an area of 220,000 km?. The
epicentral coordinates were lat 34.1° N., long 89.8° W, its
epicentral intensity VI-VII, and its body-wave magnitude 5.0
(Nuttli, 1979). Chimneys were thrown down, and walls and
foundations cracked in Charleston, Miss. (Coffman and von
Hake, 1973). Chimneys also were damaged at Tillahota and
Water Valley, Miss., and buildings were damaged and plaster
fell at Belzoni, Miss.

EARTHQUAKE OF AUGUST 14, 1965

The earthquake of August 14, 1965, is an example of a
small-magnitude event that can produce damage because of
shallow focal depth. Herrmann (1979), from a study of the
spectra of Rayleigh waves, determined the focal depth to be
only 1.5 km. Herrmann and Nuttli (1975) showed that for
such shallow focal depths the high-frequency, fundamental-
mode surface waves are strongly excited, by one or two orders
of magnitude more than for depths of 5 km or greater. Their
attenuation is large, because it is controlled by the anelastic
properties of the surficial layer. Thus their damage is confined
to a small epicentral area, in contrast to the more normal Cen-
tral and Eastern U.S. earthquakes which have relatively large
damage and felt areas. Their magnitude is determined by the
excitation of the higher mode waves, which does not vary with
depth in the crust.

The epicentral coordinates were lat 37.1° N., long 89.2°
W., the felt area was 700 km?, the epicentral intensity VII,
and the body-wave magnitude 3.8 (Nuttli, 1979). Chimneys
were knocked down, walls cracked, water muddied, and
groceries shaken from shelves at Tamms, Ill. (Coffman and
von Hake, 1973). In epicentral location and damage effects, it
is similar to the earthquake of April 12, 1883, which had a very
shallow focal depth.

EARTHQUAKE OF NOVEMBER 9, 1968

The earthquake of November 9, 1968, was the largest in the
central Mississippi valley after 1895. Its epicentral coordinates
were lat 38.0° N., long 88.5° W. It was felt over an area of
1,600,000 km?, had an epicentral intensity of VII, and had a
body-wave magnitude of 5.5 (Nuttli, 1979). In the epicentral
area there were downed chimneys, cracks in foundations,
overturned tombstones, and a few instances of collapsed
parapets. In south-central Illinois bricks were thrown from
chimneys, windows were broken, television aerials were toppl-
ed, and plaster broke and fell. Moderate damage to chimneys
also occurred in southwestern Indiana, northwestern Ken-
tucky, and at Herrmann, St. Charles, Sikeston, and St. Louis,
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Mo. (Coffman and von Hake, 1973).

EARTHQUAKE OF MARCH 24, 1976

The earthquake of March 24, 1976, occurred during the
early evening hours (local time). Its epicentral coordinates
were lat 35.59° N., long 90.48° W., and its body-wave
magnitude 5.0 (Simon and others, 1978). The epicentral in-
tensity was VI, so strictly speaking this earthquake should not
be included in the present list of damaging events. However,
its body-wave magnitude of 5.0 usually corresponds to an
epicentral intensity of VI-VII. Furthermore, the felt area of
280,000 km? and the character of the damage argue in sup-
port of including it in the present list.

Simon and others (1978) reported telephone lines downed
and a power blackout in Jonesboro, Ark.; broken windows in
Paragould and Walnut Ridge, Ark.; cracked masonry in
Tupelo, Miss.; roof damage and fallen ceiling tiles in Decatur,
Ark.; and damaged telephone circuits in Union City, Tenn,

The earthquake triggered strong-motion accelerographs at
seven sites in Mississippi, Missouri, and Tennessee, at distances
of 100-150 km. The maximum recorded acceleration was
0.041 g, at a distance of 100 km (Herrmann, 1977).

GEOGRAPHIC DISTRIBUTION
OF DAMAGING EARTHQUAKES

The three major earthquakes of 1811-12 plus 11 of the 20
other damaging earthquakes are associated with the New
Madrid fault zone, which extends from about lat 35.5° N. to
37.0° N., and long 90.5° W. to 89.5° W. (fig. 2).

The three main earthquakes occurred in the center of the
region whereas all the damaging earthquakes subsequent to
those occurred at the southern and northern edges of the fault
zone (fig. 2). The great 1811-12 sequence appears to have
released much of the strain energy in the central region, but
not at the ends of the fault zone. Microearthquake studies
(Stauder and others, 1976), however, indicate a concentration
of small earthquakes in the vicinity of the epicenters of the
January 23 and February 7, 1812, earthquakes. Thus the
whole New Madrid fault zone must be considered to have the
potential for producing damaging earthquakes.

Five of the damaging earthquakes can be associated with
the Wabash valley fault zone of southeastern Illinois and
southwestern Indiana. The two earthquakes near lat 38.5° N.
and long 89° W. may be associated with the Centralia fault,
although no evidence exists except for proximity of the
epicenters to the fault. The same is true of an association of the
epicenter of the earthquake at the Illinois-Wisconsin border
with the Sandwich fault. The Illinois earthquake of 1909, with
epicenter near lat 40° N., long 90° W., remains an enigma.
The Mississippi earthquake near lat 34° N., long 90° W.,
could possibly be associated with the buried Ouachita moun-

tain front, as minor seismic activity has occurred along that
front in Arkansas and Oklahoma.

On the basis of the available historical record, which is short
compared to the time scale of the geologic processes related to
earthquake activity, we can conclude that most of the future
damaging earthquakes in the central Mississippi valley will
have their epicenters in the New Madrid and the Wabash
valley fault zones. However, we cannot exclude the possibility
that a damaging earthquake could occur anywhere in the cen-
tral Mississippi valley.
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PRESENT-DAY SEISMICITY AND IDENTIFICATION OF
ACTIVE FAULTS IN THE NEW MADRID SEISMIC ZONE

By WILLIAM STAUDER'

ABSTRACT

A regional seismic network was established in the New Madrid seismic
zone in the summer of 1974 in order to study the seismicity of the region in
detail. During the first 4 years of operation of the network, 781 earthquakes
were located. These earthquakes are reported in quarterly bulletins, entitled
Southeastern Missouri Regional Seismic Network Quarterly Bulletin.

The main features of the seismicity include a diffuse seismic activity over
the regional area. Within the network are northeast-southwest trends of
faulting, varying in length from 25 km to 120 km, and extending from ap-
proximately Cairo, Ill., into northeastern Arkansas. There is a major offset
in these trends in the region between New Madrid, Mo., and Ridgley, Tenn.
The region of offset is that of greatest seismic activity and is the feature least
well defined at the present time. The b value, determined by the recurrence
relation of N¢ vs. my, for low-magnitude earthquakes, is 0.78.

Focal-mechanism studies indicate right-lateral, predominantly strike-slip
motion on the major seismic trend extending from Ridgley, Tenn., into
northeast Arkansas. A composite focal mechanism indicates reverse motion
on a transverse trend extending from Ridgley southeastward into Tennessee.
Application of the stochastic inversion procedures of Aki and others (1976,
1977) to the relative residuals of teleseismic P waves yields a three-
dimensional velocity model in which a 5 percent decrease in velocity is found
to exist in the region of the crust and upper mantle directly beneath the re-
gion of greatest seismic activity. The low-velocity zone extends at least 150
km into the upper mantle.

INTRODUCTION

In the preceding paper Nuttli has given a brief account of
the larger earthquakes that have occurred in the central Mis-
sissippi valley, beginning with the three devastating earth-
quakes of the winter of 1811-12 and then considering 20 other
damaging earthquakes that have occurred in the region from
that date down to the present time. These 23 earthquakes are
not isolated events, but a part of a continuing pattern of seis-
mic activity. Yet while the region of southeast Missouri in par-
ticular has been recognized as one of potentially hazardous
earthquakes, little has been known until recently of the seis-
motectonic character of the region, This paper briefly presents

!Department of Earth and Atmospheric Sciences, Saint Louis University, St. Louis, Mo. 63156.

the seismic history of the region and then reviews what has
been learned of its present-day seismic activity through the op-
eration of a regional microearthquake array.

In addition to his paper in this volume, Nuttli (1979) recent-
ly completed another study dealing with the seismicity of the
Central United States. He has drawn together into a single pa-
per all that he could discover from published and unpublished
sources about the seismic history of the Central States. The
result includes a listing of 1,128 earthquakes and a considera-
tion of the inferences that can be drawn from the distribution
and magnitudes of these events. The study is based on intensity
data. Through a relationship established between intensity
and magnitude (Nuttli, 1974), however, Nuttli has attempted
to include all known earthquakes of mp, 2 3.0.

The central Mississippi valley region is bounded by lat 35°
and 39° N. and by long 87°30" and 91°30' W. Nuttli’s catalo-
gue, which excludes aftershocks of the 1811-12 earthquakes,
contains 488 earthquakes occurring within this 4° X 4° region
from the year 1811 to mid-1974. The epicenters of these events
are shown in figure 1, which indicates not only the presence of
a few isolated larger or damaging events, but also the existence
of a regular, more o less continuous seismic activity of lesser
magnitude. A concentration of these events is found in the
southeast Missouri region, extending along the Mississippi
River from Cairo to Memphis, but earthquakes as large as mp,

= 5 are apt to occur almost anywhere throughout the region.

While Nuttli’s study has enhanced the knowledge of the seis-
mic history of the region, thus emphasizing the potential seis-
mic hazard present there, it leaves questions about the detail
of the seismotectonic activity of the region unanswered.
Knowledge of faults is rudimentary at best, and prior to 1974
no active faults had been mapped in the area. In order to study
the seismicity of the region in detail, then, a microearthquake
network was established in the New Madrid seismic zone in the
summer of 1974. The network has now been in operation con-
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FIGURE 1. — Epicenters of 488 earthquakes of magnitude my, = 3 occurring in
the central Mississippi valley from 1811 to mid-1974.

tinuously since that date. The remainder of this paper will be
devoted to updating an earlier report on the network (Stauder
and others, 1976) and to presenting the findings that have re-
suited from its operation.

CHARACTERISTICS OF THE NETWORK

- The configuration of the microearthquake network is
shown in figure 2. The network itself consists of 16 stations.
The instrumentation is of the standard design developed and
supplied by the U.S. Geological Survey for regional micro-
earthquake networks. Each remote station consists of a single
package containing a short-period seismometer, a preampli-
fier/VCO, and a telemetry package. Signals are telemetered
by radio link to a collection point, where they are retrans-
mitted via phone line to the Seismic Data Center in the De-
partment of Earth and Atmospheric Sciences of Saint Louis
University. Recording is by Develocorder by monitor pen-and-
ink recorders, and by slow-speed 16-channel magnetic tape
recorders.

The selection of station sites was guided by an effort to cover
the entire southeast Missouri region. In addition, the de-
sirability of locating stations on the more competent rock on
the edges of the Mississippi Embayment to the west and on the
higher ground above the banks of the river to the east, off the
seismically noisy Quaternary sediments of the alluvial plain,
was considered. As a consequence the aperture of the network
is relatively large; it is 120 km in width and 240 km in length,
and has a station spacing of approximately 50 km.

Before installation, each station was calibrated by placing
the seismometer package on a precision, Geo-Tech-
manufactured shake table. The relative operating characteris-
tic so obtained for a typical station is indicated in figure 3. The
maximum gain at 10 Hz for traces displayed on the Develo-
corder screen for stations on the Paleozoic carbonate rocks
bordering the embayment is 1500 k. For stations located with-
in the embayment, the gain at 10 Hz is 100-200 k. The net-
work was designed to have a location capability for events oc-
curring within the network down to a threshold of mp=1.
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Missouri network, as recorded on Develocorder.

SEISMICITY STUDIES

Figure 4 presents the epicenter locations for the period 1
July 1974 to 30 June 1978, the first 4 years of operation of the
network. Epicenters have been located by means of the HYPO
71 program (Lee and Lahr, 1972) with adaptations to local
crustal models. A network bulletin, the Southeastern Missouri
Regional Seismic Network Quarterly Bulletin, lists the events
located during each 3-month period. During the four-year
period in question, 731 events were located.

Two observations can be made on examination of the distri-
bution of epicenters in figure 4: first, epicenters are concen-
trated in the New Madrid region. In fact, 626 or approximate-
ly 85 percent of the events occur in this region of southeast Mis-
souri, within the dimensions of the array. But second, epi-
centers are generally dispersed throughout the map area D.
More than 100, or 15 percent of the events, occur outside the
array. This latter feature is important for understanding the
overall seismicity of the region. Earthquakes may occur almost
anywhere throughout the region. Indeed, some of the larger,
more recent events in Nuttli’s catalogue (Nuttli, 1979) include
the Centerville, Mo., earthquake (mp, = 4.9) of 16 October
1965 and the southeast Illinois earthquake (my, = 5.5) of 9
November 1968, which occurred in the Ozark uplift region
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and in the Illinois basin, respectively. Nuttli estimates the
maximum magnitude for these regions to be mp = 6.0 in the
St. Francois zone and mp = 6.5 in the Wabash valley zone.

Figure 5 presents the epicenter locations occurring inside a
1°30' X 1°30" region within the array. As noted previously,
626 earthquakes were located within this region during the
first 4 years of operation of the array. The spatial distribution
of epicenters indicated on the figure has been noted in a pre-
vious publication (Stauder and others, 1976) and in the quar-
terly network bulletins. The pattern is coming to be a familiar
one referred to by other authors in publications on the area.
The familiarity of the pattern should not, however, detract
from the recognition of its significance. While as yet incom-
plete, and hence in need of further documentation, the
distribution of epicenters in figure 5 has identified the active
seismic features of the New Madrid seismic zone and is pro-
viding a mapping of the active faults for the first time.

The features of figure 5, worthy of comment, are as follows:
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39°00° N
38°00"
3790°
3600’ TENNESSEE
. 1]
] re
ARKANSAS
° 25 50 KILOMETERS
| IS E—
350" L '

FIGURE 4. — Epicenters of 731 earthquakes located in the southeast Missouri
region in the 4-year pertod, 1 July 1974 to 30 June 1978, Triangles, sta-
tion locations; dots, locations of epicenters.
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FiGUREe 5. — Epicenters of 626 earthquakes located within 1° 30’ x 1°30°
area of the network from July 1974 to 30 June 1978. Triangles, station
locations; dots, locations of epicenters. Station code: RMB, Rombauer,
Mo.; DWM, Dogwood, Mo.; LST, Lone Star, Mo.; ECO, Elk Chute
Ditch, Mo.; CRU, Crutchfield, Ky.; GRT, Gratio, Tenn.; LTN,
Lennox, Tenn.; NKT, Nankipoo, Tenn.; OKG, Oak Grove, Tenn.;
JHP, Judd Hill Plantation, Ark. Ridgley, Tenn., is located just west of
the station GRT.

p—t

. A major linear seismic trend about 120 km in length ex-
tends in a northeast-southwest direction from Ridgley,
Tenn., near the station GRT, into north-eastern Arkan-
sas.

2. To the north a lesser, parallel trend about 40 km in
length extends from the station DWM toward the sta-
tion LST.

3. A region of increased seismic activity, though as yet not
well defined, exists in the offset region between the two
trends just mentioned, extending from the New Madrid
bend of the Mississippi River to the station GRT.

4. An apparent east-west trend extends from the New
Madrid bend westward past the station LST.

5. Another, less active zone, parallel to the one mentioned
in item 1 above and about 40 km to the east, passes
through the line of the stations NKT- OKG.

6. A northwest-southeast trend extends from the Mississippi

River, near GRT, into Tennessee.

8900’ /- A gap in the seismicity separates the trend just noted

from the northern extremity of the principal
northeast-southwest trend of item 1.

8. The earthquake activity terminates abruptly at either
end, north and south, of the trends indicated, imply-
ing that the seismic regime of southeast Missouri is self-
contained within the latitude limits of 35°00’ N. and
37°00" N.

While not noted on figure 5, the region of offset between
New Madrid and the station GRT (near Ridgley, Tenn.) is
marked by a greater than average microearthquake activity.
Each quarter, 40-80 earthquakes are detected at the stations
GRT and LST that are not large enough to record at other sta-
tions, or at a sufficient number of stations to permit location.
Nevertheless, their detection and number, even without loca-
tion, indicate a high level of seismic activity in the offset region
and direct attention to this region as one which merits further
study.

Figure 6 presents the earthquake activity of this New
Madrid-Ridgley region on a 30’ X 30 ' map. While some pat-
terns might be pointed out (a general north-south distribu-
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FIGURE 6. — Epicenters of earthquakes located in the 30° X 30° region from
New Madrid, Mo., to Ridgley, Tenn., near the station GRT (Gratio,
Tenn.). Triangles, station locations; dots, locations of epicenters;
square, location of USGS explosion; dashed line, edge of alluval plain.
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tion? or a series of echelon northwest-southeast trends?), the
dispersion of the epicenters does not allow the identification of
any distinct features at this time.

Two factors affect the interpretation of the distribution of
the epicenters indicated in the figure. First, there is the ac-
curacy of epicenter location. The standard deviation in the
positiion of the epicenters is of the order of 0.5-1 km (see quar-
terly bulletins). Second, the station spacing of the array does
not permit accuracy in the determination of the depth of focus
of the earthquakes. Depth is routinely fixed at 5 km or at 10
km. Even if the depth of focus is allowed to be determined
freely by the HYPO 71 program, the resultant value is no bet-
ter, statistically, than the fixed-depth solutions. While the pat-
tern of epicenters in figure 6 is somewhat diffuse, it is not
different from what might be expected for foci distributed on
a dipping fault or on a system of dipping faults.

An understanding of the seismic activity in this offset region
depends, then, upon an improvement in the capability of de-
termining the location and depth of focus of the numerous
small earthquakes that occur here. For this purpose the num-
ber of stations in the network is presently being increased and
the station separation improved from approximately 50 km to
10-15 km throughout the region of seismic activity shown in
figure 6.

Some further information about the recent faulting and the
seismicity of this region is known. Russ (1979) has conducted a
trenching experiment across the Reelfoot scarp just west of
Reelfoot Lake and has found evidence of three earthquakes
near the trench site strong enough to liquefy sediments and
generate surface faulting in the last 2,000 years. Zoback (1979)
has reported the results of 32 km of seismic-reflection profiling
in this same vicinity. This profiling has revealed numerous
faults involving vertical motion in late Cenozoic and
Cretaceous time; coincidence of surficial indicators of faulting
with several of the subsurface offsets implies that Holocene ac-
tivity probably has occurred as well. Jordan and others (1978)
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have reported results from a Vibroseis survey conducted in the
vicinity of this same scarp and from a 4-week field study
conducted using a dense micronet of temporary seismic sta-
tions deployed in the Reelfoot Lake area. Each of these pro-
jects was sponsored by the U.S. Geological Survey. The latter
study included a calibration explosion detonated at the point
indicated on the map of figure 6. Signals from this explosion
were detected by the Saint Louis University network, and the
event was located as if it were an earthquake. With no prior
knowledge of the location of the event itself, the computer
solution yielded an epicenter distant 390 m to the east of the
shot point for a solution constrained to 0 focal depth. An epi-
center 75 m to the west of the shot point was obtained for a
focus restrained to 5-km depth, one 750 m to the south for a
10-km focal depth, and one 550 m south for a freely deter-
mined depth of 8.6 km. These calculations give empirical evi-
dence of the accuracy of epicenter determination, noted
above, of 0.5 to 1.0 km. Finally, independent of the USGS
group, a second micronet field experiment was conducted by
Saint Louis University personnel during the spring of 1978 in
the vicinity of Ridgley, Tenn. (Nicholson and Singh, 1979).

RECURRENCE RATIO

Table 1 lists the frequency of occurrence of the earthquakes
that have been located during the 4-year period from 1 July
1974 to 30 June 1978 and whose epicenters lie within the
1°30' X 1°30 ' area of the network, as listed in the quarterly
bulletins. The table gives the number of earthquakes by half-
magnitude units and by each of the 16 quarters of network
operation.

The bottom line of the table, which gives the total number
of earthquakes located each quarter, indicates a variation in
the rate of occurrence of the smaller earthquakes in the re-
gion. Over the 4-year period in question, the number of earth-
quakes located per quarter varies from a low of 23 to a high of
65.

TABLE 1. — Number of earthquakes during each quarter, Q,, vs. my, located within the 1.5° x 1.5° area of the network during the 4-year period from 1 July
1974 to 3 June 1978

[N, total number per my, range; N, cumulation number of events in the given my, range]

n Ql @ @3 o Q5 Q6 o 98 Q@ Q0 Qll Q2 Q13 Qlé Q5 Ql6 N N
0.020.4 4 2 0 1 0 0 0 1 0 0 0 0 0 0 0 0 4 628
0.5-0.9 26 18 9 10 12 21 14 9 10 8 0 3 4 6 6 13 163 618
1.0-1.4 20 22 19 13 13 21 17 2 15 17 19 20 12 10 15 30 284 455
1.5-1.9 6 37 5 6 6 8 7 7 4 6 4 8 3 7 2 89 171
2.0-2.4 6 5 5 8 3 4 1 3 1 2 2 1 8 1 1 53 82
2.5-2.9 2 2 0 0 2 1 0 0 0 0 2 0 0 1 2 5 17 29
3.0-3.4 0 1 1 1 1 0 0 1 0 0 0 0 0 1 0 1 7 12
3.5-3.9 1 0o 0 0 0 0 0 0 1 0 0 0 0 0 0 0 2 5
4.0-6.4 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 3
4549 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 2
5.0-5.5 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 1
Total-—— 65 53 41 39 37 53 42 4L 36 30 29 29 25 23 31 52 626
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The last column of the table gives the cumulative frequency
of earthquake occurrence by half-magnitude units. The same
information is given in figure 7 in a semilogarithmic plot of N¢
vs. mp. Examination of this figure shows, first, that the sen-
sitivity of the network does indeed extend down to a location
capability of mp=1. Second, during the 4-year period some
500 events occurred having mp, 21, while three events occur-
red having m}, 24. These frequencies are similar to those
found by Nuttli (1979) using the data from his historical cata-
logue of earthquakes for the New Madrid region.

The recurrence relation obtained by determining the least-
squares best fit to a straight line for the points for which
1<mp < 3.5is

log N¢=3.437 +0.032-(0.783 + 0.013) my,.

Itshould be noted, however, that the b value, b= 0.783, of this
relation is dependent on a magnitude scale developed for
small local earthquakes and may not be applicable to larger
earthquakes. Although the values of N¢ vs. my, seem to depart
from the straight line at the lower end of the curve, this is attri-
butable to a pair of earthquakes. These two earthquakes had
mp=5.0 and mp = 4.5; they occurred near the southern ex-
tremity of the active zone on 25 March 1976, during the
seventh quarter of network operation. The period of observa-
tion has not been sufficiently long to establish the frequency of
occurrence of events of this magnitude.

FOCAL-MECHANISM STUDIES

Using the data both from long-period surface waves and
from P-wave first motion, Herrmann and Canas (1978) have
determined the focal-mechanism solutions for five earth-
quakes that occurred within the region of the network. Table 2
lists the date of occurrence, location, origin time, and my, for
each event, together with the orientation of the tension and
compression axes of the focal mechanism.

The relation of all five earthquakes to the linear seismic
trends identified above is indicated in figure 8, in which the
lower hemisphere focal-mechanism symbols are superimposed
on the seismicity map of figure 5. The solid quadrants of the
mechanism diagrams correspond to a compression first mo-
tion of the P wave, the open quadrants to a rarefaction first
motion. Given that events 1 and 2 occurred prior to the
installation of the network, at a time when location accuracy
of the earthquakes in the region was probably not better than
6, the correspondence between the focal mechanisms and the
linear seismic trends is quite satisfactory.

The occurrence of events 1 and 3 near a point of conver-
gence of three seismic trends makes it difficult to relate the
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FIGURE 7. — Cumulative number of earthquakes, N vs. my,, for earthquakes
occurring within the network during the 4-year period from 1 July 1974
to 30 June 1978.

nodal planes unambiguously to the fault motion at the source
for these two earthquakes. The most likely identfication would
seem to be a selection of the nodal plane striking east-west like
the fault plane. In this case the mechanism diagrams indicate
predominantly left-lateral strike-slip faulting along a fault
dipping steeply to the south. The solutions for the two events
are quite similar to one another.

Earthquakes 2, 4, and 5 occurred along the 120-km-long
northeast- southwest seismic trend, which extends from near
Ridgley, Tenn., into northeastern Arkansas. The first two of
these earthquakes have almost identical focal mechanisms. On
the basis of the seismicity pattern, the nodal plane striking
northeast would be the fault plane. Earthquake number 5,
which is an aftershock of earthquake number 4, differs in its
focal mechanism from that of the main event in the direction
of dip of the northeast-trending nodal plane. An interpreta-
tion of right-lateral motion on a northeast-trending fault is
common, however, to all three of these events occurring on
this same seismicity trend.
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micity pattern indicated in figure 5. The first four of these

02() ’ 020} ’
370009'0 30 90°00 8930 85°00 zones were in the region north of the station GRT. The fifth
! .VJ segment, which they designated zone E, corresponds to the
3 'y northeast- striking Tennessee-Arkansas trend. The sixth seg-
A, g o ment, their zone F, corresponds to the northwest-striking
*° ok trend extending from GRT into Tennessee. Each of these lat-
&.. ) > ter zones is shown in figure 8. In the determination of the com-
I\ A posite focal mechanisms, only stations with clear unambigu-
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FIGURE 8. —Focal-mechanism diagrams (beach balls) of the five earthquakes
(circles) identified in table 3 for which focal mechanisms have been
determined by Herrmann and Canas (1978), superposed on the
seistnicity map of the area. Mechanism diagrams represent lower half of
focal sphere; solid quadrants correspond to a compression first motion
of the P wave, open quadrants to a rarefaction first motion. Triangles,
station locations; dots, locations of epicenters. Dashed lines enclose
zones E and F, used for composite focal-mechanism solutions in figure 9.

Herrmann and Canas (1978) included a determination of
composite focal mechanisms in their study. For this they first
delineated six possible linear segments or zones within the seis-

ous directions of first motion were used. For the four northern
zones, either because of the small number of usable data for
each zone or because of the lack of definition of quadrants of
compression and rarefaction first motion, the composite focal
mechanisms that resulted were not satisfactory. More data are
required, or a more appropriate definition of zones.

For zones E and F, however, composite solutions were in-
dicated that can be interpreted without too much difficulty.
The composite solutions for these two zones are given in figures
9A and 9B. For zone E, as is evident in figure 9A, the com-
posite solution may be either a simple vertical strike-slip
mechanism or an oblique fault that has a significant compo-
nent of right-lateral motion along a northeast-striking fault.
This composite solution is in agreement with the combined
surface wave-body wave focal-mechanism solutions by Herr-
mann and Canas (1978) for the three individual events along
this trend, as discussed previously.

The correspondence between the individual focal mech-
anism of the three larger events and the composite focal mech-
anism obtained for events distributed along the entire length
of the zone supports the hypothesis that this trend identifies a
single fault feature that is active along its entire length.

The data of zone F, in figure 9B, are interpreted as a north-
west-trending reverse fault which agrees with the northwest-
southeast seismicity trend. The agreement between the com-
posite focal-mechanism solution and the trend in seismicity
identified visually by inspection of figure 5 would seem to con-
firm that the trend corresponds to a physical feature in the
crust. The reverse motion on this presumed fault is consistent
with strike-slip motion on the northeast trends.

TABLE 2. — Earthquake source parameters

[OT. origin time (BMT); h, focal depth; Tr, trend; P1, plunge]

T-axis P-axis

Event Date Lat °N Long °W 0T my, h (km) Tr Pl Tr Pl
1 2 Feb 1962 36.5 89.5 06 43 4.3 8 301 28 43 19
2 17 Nov 1970 35.9 89.9 02 13 4.4 16 176 32 272 9
3 13 Jun 1975 36.5 89.7 22 40 4,2 9 313 8 49 34
4 25 Mar 1976 35.6 90.5 00 41 5.0 12 181 38 272 1
5 25 Mar 1976 35.6 90.5 01 00 4.5 16 174 13 271 28
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FiGure 9.—Composite focal-mechanism diagrams. Circles, compression
first motions of P waves; triangles, rarefaction first motions. A, for Zone
E, from Ridgley, Tenn., into northeastern Arkansas; B, for Zone F,
from Ridgley southeastward into Tennessee.

THREE-D VELOCITY MODEL

Although the stations of the New Madrid network were
designed to record seismic waves from local earthquakes and,
hence, have a peak response at about 10 Hz, the stations do
operate at sufficiently high magnification that teleseimic P
waves for larger earthquakes are well recorded. Travel-time
residuals relative to a selected reference station of the network
varied over a range of about 1.5 seconds, from -0.5 seconds to
+1.0 seconds, and a number of stations were found to be
azimuth-dependent. This suggests a three-dimensional veloci-
ty structure in the crust and possibly in the upper mantle
under the network.

Aki and others (1976, 1977) developed stochastic and gen-
eralized inversion procedures, using observations of this
nature, for inferring lateral velocity changes within each of
several layers. The procedures begin by assuming a simple
plane-layered model, each layer of which is characterized by a
constant velocity and is divided into a number of blocks, the
number and size of which are determined by the area covered
by the seismographic network and by the density of the sta-
tions. The method is restricted to obtaining velocity perturba-
tions within individual layers; independent data are required
to determine the average velocities in each layer.

Mitchell and others (1977) have applied the method of Aki
and others to determine the three-dimensional velocity struc-
ture beneath the New Madrid network. Since the aperture of
the network is moderately large and the station density is not
great, blocks of relatively large lateral dimensions had to be
used. A number of configurations were tried. The best results
were found using a four-layer model consisting of blocks in
each layer that are 30 km in horizontal dimension, cover the
area of figure 5, and extend northward another 70 km in a five
by eight configuration.

The starting model was taken from Nuttli and others (1969)
and is given in table 3. The resultant model is shown in figure
10. Positive numbers (percentages) indicate velocities that are
less than the mean velocity in each layer and vice versa. The
variation between highest and lowest values within each layer
amounts to about 5 percent. The standard errors for this in-
version are consistently between 0.2 and 0.3 for every block.
The resolution was found to be poor for the crustal layers but
good for both mantle layers.

The most interesting result of this inversion is the indication
that a zone of low velocity exists below the region of most in-
tensive seismic activity and that this zone extends from near
the surface to depths of at least 150 km. The velocities, as
noted above, are about 5 percent lower than the velocities in
the surrounding rock for each layer. The low-velocity zone ap-
pears to dip to the west and to become broader and more dif-
fuse with increasing depth in the mantle.
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TABLE 3. — Initial model parameters for the crust and upper mantle

beneath the New Madrid seismic zone
[From Nuttli and others, 1969]

Layer Thickness P-wave velocity
(km) (km/sec)
1 20 6.15
2 20 6.70
3 57 8.18
4 57 8.37
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FIGURE 10.--Model derived from an inversion using blocks having lateral
dimensions of 30 km and thicknesses given in table 3. The numbers are
percent velocity perturbations from the average layer velocity; positive
values (and solid contours) indicate lower than average velocities;
negative numbers (and dashed contours) indicate higher than average
velocities. Dashes indicate blocks for which no values are obtainable.
Contours are drawn at 1 percent intervals. Shaded areas denote
velocities that are more than 1 percent than average (from Mitchell and
others, 1977).

CONCLUSION AND DISCUSSION

The operation of the microearthquake network in the New
Madrid seismic zone has made it possible for the first time to
map linear trends in the New Madrid seismic zone. Pre-
sumably these correspond to active faults in the region. The
main features of the seismicity indicate two principal
northeast- southwest-trending zones extending from Cairo,
Ill., into northeastern Arkansas. These two zones are offset
from one another in the region between New Madrid, Mo.,
and Ridgley, Tenn. The b value, determined by a plot of N¢
vs. mp, for 626 earthquakes that have occurred in the region
over a 4-year period and using the scale developed for small-
magnitude local earthquakes, is 0.78.

While the strikes of the linear features are fairly well deter-
mined, the density of stations of the network has not been
appropriate to the present time to determine accurately the
depth of focus of events that are located. Hence, three-
dimensional mapping of foci along the seismically active zones
has not been possible. This stage of the seismicity studies will
be pursued as soon as data are available from additional sta-
tions of the network that are presently being installed. A re-
gion of particular interest in this regard is between New Ma-
drid, Mo., and Ridgley, Tenn. This is the region of greatest
seismic activity and the one whose features are least resolved by
the distribution of epicenters determined thus far.

The most prominent single feature is the northeast-south-
west seismic trend extending from Ridgley, Tenn., into north-
eastern Arkansas. Individual focal-mechanism solutions for
three earthquakes located two at the southern extremity and
one in the middle of this trend; along with a composite focal-
mechanism solution from P-wave first motion for earthquakes
occurring along the whole extent of this feature, these in-
dividual focal-mechanism solutions indicate uniform right-
lateral, predominantly strike-slip motion. The dip of the fault
is probably to the northwest, though verification of this
conclusion awaits the study of additional events and the
evidence which will be forthcoming relative to depth of focus
of events occurring on this trend.

A composite focal mechanism for earthquakes occurring on
a northwest-southeast trend extending from Ridgley, Tenn.,
into the interior of the State affirms a visual identification of
this trend on the seismicity map and indicates that the motion
on the fault is reverse in character.
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Finally, three-dimensional modeling, using data from the
relative residuals of teleseismic P waves and applying the inver-
sion procedures of Aki and others (1976, 1977), indicates the
existence of a low-velocity zone under the region of greatest
seismic activity. This zone extends at least 150 km into the up-
per mantle. A question arises, naturally, concerning the
nature of this zone and its possible relationship to the seismic
activity that occurs in the crust above it. Mitchell and others
(1977) remarked that a generic relationship may possibly exist
between the low-velocity material in the lithosphere of this re-
gion and the occurrence of earthquakes there. If so, this dis-
covery bears an important practical implication concerning
the determination of earthquake risk in the Central and East-
ern United States, and perhaps in seismic regions more
generally.
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INVESTIGATIONS OF THE NEW MADRID EARTHQUAKE REGION

MICROEARTHQUAKES AND FAULTING IN THE
AREA OF NEW MADRID, MISSOURI—REELFOOT LAKE,
TENNESSEE

By DANIEL R. O’'CONNELL, CHARLES G. BUFE, and MARK D. ZOBACK

ABSTRACT

A part of an ongoing investigation of the tectonic setting of the 1811-12
New Madrid earthquakes, the U.S. Geological Survey operated a dense net-
work of 20 portable seismographs in the vicinity of Reelfoot Lake, Tenn.,
during a 6-week period in March-May 1978. Using readings from these in-
struments and from the Gratio Station of Saint Louis University, 23 earth-
quakes with magnitudes between — 1 and + 3 were located relative to a cal-
ibration shot fired near the lake. Most of the epicenters lie to the west of
Reelfoot Lake in an 8-km-wide, north-northwest- trending strip extending
from Ridgely, Tenn., to New Madrid, Mo.; focal depths range from 3 to 18
km and have a median depth of 7 km. Composite focal mechanisms are
varied, with the compressional axis shifting from east-west near Ridgely to
northeast-southwest near New Madrid. The northeasterly compression may
result from the left-stepping offset of the northeast-striking, right-lateral
fault system near New Madrid.

INTRODUCTION

The southeastern Missouri earthquakes of 1811-12 were felt
over a wide area of the Central and Eastern United States, Ma-
jor deformation was induced in the surficial blanket of uncon-
solidated sediments in the epicentral region, but little is known
of the orientation or sense of movement of the basement faults
that produced these earthquakes.

The New Madrid seismic zone encompasses northeastern
Arkansas, southeastern Missouri, southwestern Kentucky, and
western Tennessee. Earthquakes in this region (fig. 1) are con-
centrated along three principal zones: (1) a 100-km-long
linear zone that extends northeast from Marked Tree, Ark., to
Caruthersville, Mo., approximately along the center of the rift
structure defined by Hildenbrand and others (1977); (2) a
zone of relatively more intense activity that extends from near
Ridgely northward to west of New Madrid; and (3) a relatively
short, northeast-trending zone that passes west of New
Madrid. A recent microearthquake study (Herrmann and
Canas, 1978) indicates a short east-west trend of seismicity
starting just south of New Madrid and extending to the west.
Two of the large 1811-12 earthquakes may have occurred in

the northeast-trending zone along the rift axis, but the third
and largest earthquake (February 7, 1812) probably occurred
near New Madrid (Nuttli, 1973).

Hermann and Canas (1978) obtained both single-event and
composite focal-plane mechanisms for earthquakes along the
center of the rift southwest of New Madrid. These show
primarily right- lateral strike-slip motion on a northeast-
striking fault plane and thus correlate well with the axis of the
rift structure. It is clear, however, that the zone of seismicity
extending from near Ridgely to west of New Madrid is geologi-
cally and seismologically more complex.

Three of the linear zones of seismicity intersect immediately
west of New Madrid. Efforts to obtain coherant composite
focal mechanisms for microearthquakes in this zone, as well as
in the zone of seismicity extending to Ridgely, have been large-
ly unsuccessful owing to the complex distribution of P-wave
first motions (Herrmann and Canas, 1978) and sparse station
density.

In an effort to reduce the uncertainty in hypocenter loca-
tions and determine the focal mechanisms for earthquakes in
the zone extending from near Ridgely to New Madrid, the
U.S. Geological Survey operated a dense network of 20 short-
period seismic stations from March 20, 1978, to May 7, 1978,
within the regional seismic network of Saint Louis University.
Our objective was to study the processes related to currently
active faulting in the New Madrid epicentral region by ex-
amining the distribution and focal mechanisms of microearth-
quakes occurring there today.

DETERMINATION OF HYPOCENTERS

Seismic data were recorded by 12 three-component, 5-day
analog-magnetic-tape systems and 8 vertical-component
smoked-drum seismographs. Station distribution is shown in
figure 2. P and S arrivals were read from playbacks to 0.01 se-
cond, but the arrival-time uncertainty is often larger due to
unclear onsets in the presence of variable, high-amplitude
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FIGURE 1.—Map of northern Mississippi Embayment region showing earthquake epicenters (open circles) (Stauder and others, 1979), plutons (line
pattern) and rifc boundaries (heavy solid lines) (Hildenbrand, 1979), and faults (fine solid lines) (Heyl and McKeown, 1978). Modified from

oback and others (1980).

background noise. Hypocentral coordinates, origin time,
depth, and first-motion plots were determined using the
HYPOELLIPSE location program (Lahr, 1979). The earth-
quakes were located using a crustal model in which velocity in-
creases linearly with depth. The velocity- depth relation is bas-
ed on travel times (fig. 3) for a calibration explosion near
Reelfoot Lake (location of calibration shot shown in fig. 2).
Station corrections are based on residuals from the calibration
shot, but have been modified slightly to reduce average station

residuals. Coordinates of the shot point and its location as
determined by the above model are listed in table 1.

We located 23 earthquakes with magnitudes ranging from
about -1 to 3. Magnitudes were determined from coda-length
(T), using the relationship, M=2.54 log (T)-2.25. The
calculated depths range from 4 to 18 km and have a median
depth of 7 km (table 1). The earthquake locations and com-
posite focal-mechanism solutions for four groups of earth-
quakes are shown in figure 2.
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Figure 2. —Seismicity near Reelfoot Lake, Tenn., for the period from March 20, 1978, to May 7, 1978, and distribution of seismic stations used in this
study. Open triangles represent temporary seismic stations operated between March and May. Star is the calibration-shot site. Numbers indicate
depth in kilometers. Composite focal mechanisms are shown for four groups of events. Shaded areas on the spheres represent zones of compressional
first motion; dashed lines in spheres indicate limits of position of the nodal planes. Details of the composite focal mechanisms are shown in figure 4.
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TABLE 1. — Hypocenter data for the USGS array, March—April 1978

[MAG, magnitude; NO, number of P and S readings used in locating the earthquake; GAP, largest azimuthal separation in degrees between stations, in degrees; DMIN, Distance in kilometers to the
third-closest station; RMS, root mean square of P and § time residuals in seconds; ERH, standard error of the epicenter in kilometers; ERZ, standard eror of the focal depth in kilometers;
QS, solution quality of the hypocenter: A, excellent, B, good; C, average; D, bad; and MEC, composite focal mechanism number that includes this event; leaders (---) indicate no data,
Location of the USGS calibration shot is 36° 24.71 'N,, 89° 25.23'W., depth 0.02 km; shot occurred on April 7, 1978, at 7:35:87.11]

Origin time Lat N. Long W. Depth
Date h  min s degree min degree min km MAG NO GAP DMIN RMS ERH ERZ Qs MEC
Free solution for the USGS calibration shot
04/07/78 7 35 37.61 36 24,72 89 25.31 0.00 0.38 17 49 4.9 0.13 0.5 6.1 B- -
Hypocentral data

03/21/78 10 10 29.74 36 31.74 89 27.64 9 lo4 9 255 16.0 0.08 1.3 2.2 C 1
03/21/78 15 54 29.51 36 13.60 89 25.33 5 W1 7 225 10.4 .06 1.5 3.4 C [
03/22/78 11 45 21.17 36 13.76 89 25.79 12 1.3 12 154 8.9 .19 1.9 3.4 C 4
03/27/78 8 18 16.78 36 26.02 89 31.95 11 1.2 i8 112 10.2 .13 .9 1.4 B 2
03/30/78 7 33 12.45 36 31.66 89 39.42 5 1.4 14 310 23.0 .13 2.1 1.4 D 1
03/30/78 23 2 38.03 36 15.24 89 27.22 5 3.0 20 122 5.5 .14 .9 ] B 3
03/31/78 6 25 22,97 36 32.90 89 34.13 10 1.7 30 259 15.9 .16 1.1 1.3 c 1
04/01/78 23 34 18.03 36 32.75 89 33.66 9 2.1 19 270 16.6 .17 1.6 2.0 v 1
04/05/78 15 43 33.48 36 21.73 89 33.98 18 1.3 14 209 14.0 .15 2.1 1.8 D 2
04/07/78 S 56 5.95 36 15.07 89 26.95 5 1.4 19 120 6.0 .05 .3 Wb B 3
04/10/78 740 16.89 36 29.12 89 33.47 7 1.2 15 186 13.9 .13 1.0 2.1 C -—
04/16/78 1 57 31.06 36 19.37 89 32.06 11 .9 23 158 9.0 .14 1.0 1.0 c 2
04/20/78 4 20 24.57 36 14,22 89 30.61 4 .6 10 151 5.6 .07 1.3 1.3 C 2
04/20/78 6 32 16.73 36 18,22 89 30.89 6 A 25 146 7.6 .11 .5 1.0 B -——
04/23/78 20 26  56.36 36 30.41 89 34.18 7 .8 12 235 13.5 .06 .8 1.2 C -—
04/29/78 10 22 11.64 36 16.32 89 27.35 5 .8 20 70 4ob .06 .2 b A 3
04/29/78 15 26 16.95 36 27.66 89 13.21 16 2.4 9 290 14.0 .14 6.0 2.2 D -—
04/30/78 8 32 30.20 36 16,14 89 27.91 7 .2 14 71 6.6 .10 .6 1.2 A 3
05/03/78 3 37  48.96 36 20.98 89 28.26 5 1.0 16 173 10,4 .11 .8 1.5 B -—-
05/04/78 23 29 14.59 36 14.72 89 27.14 5 .6 14 160 8.2 .07 oh 1.0 B 4
05/05/78 4 1 54,88 36 28.09 89 31.24 10 -1.2 9 214 12.5 .05 1.0 1.2 C -
05/05/78 7 13 13.29 36 13.15 89 24,75 4 -.5 6 285 11.7 .13 9.1 11.8 D 4
05/05/89 23 50  45.45 36 17.18 89 31.40 6 ] 11 194 9.0 .15 3.5 5.7 D 2
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Figure 3. —Travel times from a calibration explosion fired near Reelfoot
Lake on April 7, 1978. Layered-model interpretation of the travel-time
data is shown. The 1.70 km/s surface-layer velocity (V) is based on well
logs and reflection data. Earthquakes were located using the velocity-
depth relation V=5.6+ 0.1 Z, where Z represents depth in kilometers.

COMPOSITE FOCAL MECHANISMS

The absence of sufficent first motions to obtain a unique
focal mechanism for any one event forced us to use composite
focal mechanisms. Only those records having unambiguous

first motions were used. The first-motion data were plotted on
a lower hemisphere, equal-area projection. The composite
focal-mechanism solutions are shown in figure 4, and the solu-
tion parameters are given in table 2. The events used in each
composite focal-mechanism solution have corresponding
mechanism numbers in table 1.

Initially we attempted to obtain a composite focal
mechanism using all the earthquakes located. It was impossi-
ble to obtain a focal-mechanism solution without numerous
contradictory points. We therefore attempted a composite
solution using various groups of adjacent events. It is impor-
tant to approach composite fault-plane solutions with caution
because they are not unique. However, each of the composite
focal-mechanism solutions in figure 4 contains only events that
can be located on a plane nearly parallel to one of the nodal
planes. All of the mechanisms are composed of four or more
events, and no event in any mechanism was farther than 7 km
from the nearest of the other events used in the same
mechanism. Although several other combinations of events
are possible, the four composite mechanisms shown in figure 4
are the most reasonable using the criteria described above.
The three events located between those in mechanism 1 and 2
cannot be composited and were not included in either
mechanism because of contradictory first motions. For the
same reason the two events north of Ridgely (with depths of 4
and 6 km) were not used in either mechanism 2 or 4.
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Figure 4. — Details of the composite mechanisms shown in figure 2. Closed circles are compressional arrivals, open circles are dilatational arrivals, and the
smaller circles are weak arrivals. These are lower hemisphere equal-area projections. Solid lines are the nodal planes. Dashed lines delineate the limits of
position of a nodal plane. P is the position of the compressional axis, and T is the position of the tensional axis.

Mechanism 1 contains tightly constrained nodal planes and because the events in mechanism 1 lie on or near a plane that
P- and T-axes. The orientations (azimuth, plunge) of the P-  has this orientation. Components of inferred slip on this plane
and T-axes are (227°, 6°) and (133°, 33°) respectively. The N.  consist of left-lateral strike-slip and thrust with the north side
80° W., 62° N. nodal plane is designated as the fault plane, up. Mechanism 1 is similar to the focal-mechanism solutions
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TABLE 2. — Focal-mechanism parameters

[*, all values reported in degrees represent an approximation of the orientation of the nodal plane, P-axis, or T-axis.

The variability is described in the text]

Composite Nodal Planes

Pressure axis Tension axis

mechanism Strike Dip Strike Dip Trend Plunge Trend Plunge
1 N. 5 W, 72 W, N. 86 W. 62 N. 227 6 133 33
2 Ne O We 74 W. N. 30 W. 16 E.* 94 61% 267 29%
3 N. 4 W, 68 E. N. 70 E. 54 NW.* 120 8% 218 42%
4 Ne 20 W. 80 SW.* N. 58 E. 40 SE.* 278 24% 34% 42%

for the two earthquakes that Herrmann and Canas (1978)
located south and southwest of New Madrid.

The events in mechanism 2 yield a solution that has one
well-constrained nodal plane trending north and dipping
steeply to the west. It is assumed to be the fault plane because
it coincides with the locations of the events in the group. The
indicated motion is down on the west side. A second nodal
plane is poorly constrained; its possible strike and dip range
from N. 65° W. (31° NE.) to N. 42° E. (21° SE.). The orien-
tation of P varies from (80°, 44°) to (114°, 39°), and T varies
from (286°, 44°) to (388°, 40°).

Mechanism 3 contains one tightly constrained nodal plane
striking N. 4° W. and a second nodal plane that is not well
constrained (a range of orientation of about 22° is possible).
The orientation of P varies from (111°, 14°), to (131°,-4°),
and T varies from (220°, 55°) to (220°, 28°). Although the
selection of the fault plane is slightly ambiguous, the choice of
the north-striking nodal plane is the more reasonable, and the
indicated motion on this plane has components of thrust (east
side up) and left-lateral strike-slip.

Each nodal plane in mechanism 4 can vary over a range of
+12°. This variation alters the nature of the solution very lit-
tle, with the result that the P- and T-axes change by less than
5°. The orientation of P varies from (279°, 21°) to (285°,
18°), and T varies from (30°, 38°) to (34°, 40°). The steeply
dipping nodal plane trending N. 20° W. is assumed to be the
correct fault plane because it contains both the shallow and
deep events and matches the trend of seismicity of the events.
The indicated motion has components of thrust (southwest
side up) and left-lateral strike-slip.

One of the clearest trends of the seismicity pattern is north
to northwest through Ridgely; it includes the composite events
that led to mechanisms 2, 3, and 4. It was not possible to com-
bine any events used in mechanism 3 with the events used in
mechanism 4 without producing one or more points of contra-
diction (and vice versa). Also, none of the events used in
mechanism 3 was compatible with those in mechanism 2.

DISCUSSION

Figure 5 is an interpretative structure map of this region
that presents various types of data. We suggest that deforma-
tion in this region generally results from right-lateral strike-

slip motion on two northeast-southwest-striking faults. The
major fault is located southwest of Ridgely and trends down
the center of the basement rift; the second fault is located
north of New Madrid and trends northeast toward Charleston,
Mo. The area between New Madrid and Ridgely is a zone of
complex deformation in which both lateral and vertical mo-
tion occur on a variety of fault planes.

Figure 5 presents faults interpreted on the basis of the earth-
quakes discussed above, seismic-reflection profiling (Zoback
and others, 1980), and the focal-mechanism studies of Herr-
mann (1979) and Herrmann and Canas (1978). In terms of the
interpretation just discussed, note that mechanism 1, with its
left-lateral strike-slip component of motion, appears to be a
conjugate fault to the right-lateral, northeast-trending fault
north of New Madrid. Similarly, mechanisms 3 and 4 seem to
define subparallel, left-lateral faults conjugate to the major
rift fault. Figure 5 also compares these faults with local topo-
graphic features described by Stearns (1979). The Tiptonville
dome lies between the Reelfoot Fault and the surface projec-
tion of the fault plane defined by mechanism 2. Thus, this
uplift may result from vertical movements on these two faults.
Stearns (1979) has estimated that Tiptonville dome has been
uplifted about 6 km in the last 1400 years. The topographic
high known as the Ridgely Ridge also may reflect vertical fault
motion, as it lies on the upthrown block between the Ridgely
and Cottonwood Grove faults.

The focal mechanisms of Herrmann and Canas (1978) and
the surface-wave focal mechanisms of Herrmann (1979) in-
dicate that the New Madrid seismic zone is located in an area
of regional east-west to northeast-southwest compression. The
orientations of the P-axes of our composite focal mechanisms
southwest are generally consistent with relative east-west or
northeast- southwest compression. Composite focal
mechanism 1 indicates northeasterly compression near New
Madrid, which is in agreement with the focal mechanisms of
two earthquakes located just south and southwest of New
Madrid by Herrmann and Canas (1978). Composite focal
mechanisms 3 and 4 are indicative of relative east-west com-
pression near Ridgely, and earthquakes located along the
100-km-long rift southeast of Ridgely all have focal-plane
solutions that indicate east-west compression (Herrmann,
1979). This suggests that from Ridgely to the southwest the
maximum compressive stress is fairly uniform and oriented
nearly east-west. In the area north of New Madrid, east-west
compression is also indicated. Both the south-central Illinois
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Figure 5. —Interpretive map of structures relating to seismicity in the New Madrid-Ridgely area. Long dashed lines represent faults inferred from
focal-plane solutions, and long and short dashed lines represent faults inferred from seismic-reflection profiles; U, upthrown side; D,
downthrown side; arrows indicate relative motion. A short dash perpendicular to the line indicates the direction of dip. Surface projections of the
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profiles of Zoback and others (1980) and; +, inferred from the seismic-relection profiles of Zoback (1979).
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earthquake of November 9, 1968 (Stauder and Nuttli, 1970),
and composite focal mechanisms from earthquakes just north
of New Madrid (Herrmann and Canas, 1978) indicate east-
west compression. Thus, it appears that the northeast-
southwest compressive-stress direction near New Madrid is a
localized change in the stress field resulting from the left-
stepping offset of the major northeast- trending, right lateral
strike-slip fault system.,

CONCLUSION

This work demonstrates that the seismicity in the New
Madrid-Reelfoot Lake region is quite complex and is the result
of the interaction of several major structures. The seismicity
will be understood only through gathering precise information
about those structures. Our report is a preliminary step in that
direction, and future work will surely clarify both the struc-
tures and processes we describe.
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MAGNETIC BASEMENT IN THE UPPER MISSISSIPPI
EMBAYMENT REGION—A PRELIMINARY REPORT

By T. G. HILDENBRAND, M. F. KANE, and J. D. HENDRICKS

ABSTRACT

Analysis of aeromagnetic data from the upper Mississippi Embayment
region indicates a prominent northeast-trending graben that developed on
the Precambrian surface and has structural relief of 1.6-2.6 km. This
graben, probably associated with a pre-Late Cambrian rift, may have
developed along a boundary or suture separating contrasting basement-rock
types. The graben formed where tensional stresses caused the crust to fail by
brittle fracture and shear. Subsequent crustal thinning and partial melting
of the crust led to plutonism and possibly volcanism. Mafic or ultramafic
plutons intruded along both rift- border and rift-axial faults. However, this
magmatism occurred hundreds of millions of years after formation of the
structural graben. The available magnetic data suggest that the rift zone ter-
minates northward in western Kentucky and southern Illinois, a region char-
acterized by intense Paleozoic igneous activity and faulting.

Our interpretation of the geophysical data requires the upper Mississippi
Embayment region to have experienced a long and complex tectonic history.
The location of this ancient rift axis is presently one of the most active seismic
regions in the United States. Geometries of some of the interpreted magnetic
structures suggest that they are tectonic stress guides and that they determine
the occurrence of release of present-day seismic energy.

INTRODUCTION

In 1974 aeromagnetic surveys were initiated by the U.S.
Geological Survey in the upper Mississippi Embayment and
surrounding regions. The purpose of these surveys is to deline-
ate major geologic or tectonic features that may be responsible
for the generation or control of seismic energy. To date,
analysis of the magnetic data has been primarily qualitative,
although some quantitative aspects of the data have been con-
sidered.

The qualitative approach has included close inspection of
the aeromagnetic map and related filtered maps and subjec-
tive conclusions about the anomalous behavior of the
magnetic signatures that were reached on the basis of contour
closures and localized changes of gradients. A map of the
magnetic second vertical derivative has been compiled to
facilitate the identification of magnetic sources. Quantitative
aspects of the magnetic interpretations have involved
calculating the geometry of major geophysical structures. For

this purpose, a generalized map of maximum depth to
magnetic basement has been constructed using depth
estimates determined from the horizontal extent of the
steepest gradient (Vacquier and others, 1951).

Prominent structures inferred from the analyses of the
magnetic data include (1) mafic-ultramafic plutonic masses of
large areal extent; (2) a northeast-trending, parallel-sided
depression of crystalline basement interpreted as a late Pre-
cambrian-early Paleozoic graben, probably associated with a

.continental rift; (3) several magnetic lineaments indicating

lithologic contrasts in basement, probably along deep-seated
fault zones; and (4) a block-faulted region characterized by
appreciable vertical and lateral offsets. Geometries of some of
these structures suggest that they are tectonic stress guides and
that they determine the occurrence of release of seismic
energy.

AEROMAGNETIC SURVEYS

The map of the residual total magnetic intensity was com-
piled from a synthesis of data acquired from several
aeromagnetic surveys (fig. 1). These surveys, encompassing a
total area of about 126,000 km?, were flown at elevations rang-
ing from 900 ft (0.27 km) to 2,000 ft (0.61 km) barometric and
with flight-line spacings of 0.5 mi (0.85 km) or 1 mi (1.61 km).
Flight-line directions were east-west. All surveys were cor-
rected for the diurnal variations of the Earth’s field and for
changes in flight elevation. The residual aeromagnetic field
was obtained by removing the international geomagnetic
reference field after updating to the years in which the surveys
were flown.

To merge the various surveys, an elevation of 1,000 ft (0.305
km) barometric was selected as the reduction datum level.
Surveys flown above or below this datum level were analytical-
ly continued upward or downward so that the data are com-
patible. The surveys were merged utilizing one-dimensional
splining techniques described by Bhattacharyya and others
(1979).
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FiGure 1. —Outlines of aeromagnetic surveys in the upper Mississippi Embayment.

MAGNETIC BASEMENT

The resulting residual aeromagnetic map (figs. 2, 3) reflects
structure and lithologic contrasts in the rocks of magnetic
basement. Magnetic basement is defined as any lithologic unit
having a susceptibility or remanent magnetization of sufficient
magnitude to produce distortion in the magnetic field. In the
Mississippi Embayment region, magnetic basement is inter-
preted as Precambrian crystalline rocks together with any ig-
neous rocks of younger age. Phanerozoic sedimentary units
observed in this region generally lack magnetic properties and,
therefore, produce little or no effect on the magnetic field. On
the other hand, Precambrian basement has a substantial ef-
fect on the magnetic field. Precambrian volcanic and related
epizonal intrusive rocks represented in outcrops in the St.
Francois Mountains (fig. 4) have average magnetic susceptibil-
ities ranging from 0.6 to 2.4 X 107* cgs (Phelan, 1969).

Because of the thick sequence of sedimentary strata, the
structure and geology of Precambrian basement are known
largely from the effects of Precambrian structures on younger

rocks, from drill records, and from geophysical surveys. In
general, the buried Precambrian surface is undulating. It rises
on the west toward the crest of the Ozark uplift (fig. 4) and
descends deeply to the north and south beneath the Illinois
Basin and Mississippi Embayment, respectively. Localized
Precambrian structural deformations such as faults and folds
can be observed by their effect on the total magnetic field in-
tensity. For example, a linear and steep magnetic gradient
may reflect the juxtaposition of different rock types along a
buried fault or contact. Folded and tilted structures may be
represented as regions of either low or high magnetic intensity,
depending on the depth to the anomaly-producing rocks con-
stituting magnetic basement.

Highly magnetic Phanerozoic dikes, diatremes, and plugs
intrude Precambrian basement and younger formations along
numerous faults within the Mississippi Embayment and sur-
rounding regions. For instance, fracturing associated with the
Ste. Genevieve fault (fig. 4) may have accommodated
emplacement of intrusions in Early to Middle Devonian time
(Zartman and others, 1967). In the Illinois-Kentucky
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oretical anomaly closely matches that of the observed anoma-
ly, maximum depth to the magnetic source is determined by
comparing lengths of horizontal gradients associated with the
two anomalies. The method yields maximum depths to
magnetic sources because the theoretical models used in the
curve-matching process are assumed to have vertical sides. In
real geologic situations, the causative body generally has slop-
ing sides; and, therefore, its actual depth of burial is more
shallow than the computed depth. The estimated average er-
ror of depth to a magnetic rock body is 10 percent (Vacquier
and others, 1951).

The accuracy of depth estimates greatly depends on the
validity of the geometric and magnetization assumptions. If
these assumptions are reasonably valid, the method yields
suitable depth estimates. Large errors occur, however, when
the magnetic source is characterized by gently dipping sides,
or nonuniform magnetization. The probable error associated
with computed depths to magnetic basement underlying the
Mississippi Embayment is difficult to assess owing to sparse
drill-hole information. The depth estimates reported here
must, therefore, be regarded as generalized. The computed
depths are, however, in excellent agreement in those regions
where depth to Precambrian basement is known. Four hun-
dred and fifty estimates of maximum depth to magnetic base-
ment have been determined by analyzing the anomalies of
figure 2. The resulting generalized map of depth to magnetic
basement is shown in figure 5.

INTERPRETATION OF
AEROMAGNETIC DATA

The second vertical derivative map (fig. 6) and generalized
map of maximum depth to magnetic basement (fig. 5) are us-
ed in addition to the residual aeromagnetic map (fig. 2) in
delineating and describing magnetic structures in the
Mississippi Embayment and surrounding regions. Derivative
maps resolve or sharpen anomalies of small areal extent. The
zero contours of the second derivative map of the total-
magnetic-field anomalies can be used to outline the approx-
imate boundaries of causative bodies (Vacquier and others,
1951).

Close inspection of the magnetic data reveals four generaliz-
ed areas, shown in figure 2, which contain different magnetic
patterns. Area I is characterized by a prominent, northeast-
trending, grabenlike feature. Gradients and intense anomalies
of small areal extent trend predominantly northwest in Area II
and northeast in Area III. The magnetic pattern within Area
IV contains pronounced northwest-trending magnetic fea-
tures. The following discussions of the resulting interpreta-
tions of the magnetic data are separated into individual sec-
tions dealing with the various lithologic contrasts and struc-
tures indicated within each area.

AREA I

The most striking magnetic feature within the surveyed area
is the broad zone of subdued magnetic expression within Area
1. This zone has been interpreted by Hildenbrand and others
(1977) as an expression of graben, probably associated with a
rift that has been active since late Precambrian or early
Paleozoic time. The graben, producing the quiet magnetic
zone, trends between lat N. 45° E. and long N. 50° E. and has
a width of approximately 70 km. The average maximum
depth to magnetic basement is 4.3 km within Area I (fig. 5).

The aeromagnetic and derivative maps delineate probable
mafic intrusions in four localized regions in the graben. One
circular magnetic anomaly (A, fig. 3) within the graben in-
dicates as many as eight dikelike bodies (fig. 6), which is sug-
gestive of a ring-dike complex. Four wells (fig. 4) within the
areal extent of this magnetic high have encountered mica
peridotite sills within rocks of Cambrian to Ordovician age.
Peridotite from one of these wells, in Lake County, Tenn., has
been dated at 267 m.y. (Permian) by the K-Ar method (Zart-
man, 1977). This magnetic high is geographically located over
the crest of the late Paleozoic Pascola arch. The correspon-
dence in age and location of the eight intrusive bodies and the
arch suggests that they intruded along faults evolved during
regional tectonism which formed the Pascola arch.

Three inferred mafic intrusions, represented by magnetic
highs J, K, and L in figure 3, were emplaced in the center of
the graben floor. The geographic relationship between in-
trusive emplacement and graben axis suggests that faults
which formed during rifting provided channelways for
magma. The ages and compositions of these intrusions are not
known. The derivative (fig. 6) and depth-to-magnetic-
basement (fig. 5) maps do, however, reveal the shapes and
depth of burial, respectively. Anomaly J, located primarily in
western Kentucky, is elongate along the axis of the graben.
The associated source is delineated as a series of mafic dikes,
sills, and plugs which intruded along 60 km of deep-seated
faults that parallel the graben’s axis. These inferred igneous
bodies, lying at depths of about 3 km, produce a structural
high in magnetic basement and may, therefore, penetrate
Phanerozoic sedimentary strata. The second vertical
derivative of anomaly K reveals a circular pattern of emplace-
ment of basic rocks. This anomaly may reflect a ring-dike
complex lying at a depth of about 4.8 km. Anomaly L is inter-
preted as a deeply buried (4.7 km) plutonic mass approxi-
mately 12 km in diameter.

A prominent magnetic gradient denoted as lineament a-a
on figure 3 flanks anomaly A to the northeast. Although there
are no associated surface faults, a linear trend of contem-
porary earthquake epicenters (fig. 4) is nearly alined with this
gradient. The gradient presumably reflects faulting and will
be discussed later in more detail.

Maximum depth of magnetic basement along profiles
(X-X',Y-Y', and Z-Z', fig. 5) is shown in Figure 7. Magnetic
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parent., Gravity modeling (Hildenbrand and others, 1977) of
the Covington anomaly (G, fig. 3) indicates that the associat-
ed pluton is very dense (contrast of + 0.22 g/cm?®). The aver-
age density of nepheline syenite is 2.52 g/cm?® (Thoenen and
others, 1945), suggesting a density contrast of —0.08 g/cm?
for an assumed density of 2.6 g/cm?® for the host rock. The
discrepancy between the observed and computed density con-
trasts (—0.08 vs. +0.22 g/cm?®) implies that only the upper
top of the pluton is syenite. The middle and lower sections of
the intrusions must consist of denser rocks such as mafic or
ultramafic alkalic masses similar to those exposed at the Mag-
net Cove Complex in central Arkansas.

The Magnet Cove ring-dike complex produces a pronounc-
ed magnetic high at lat 34°30’ N. and long 92°50 ' W. (fig.
2), along the projection of the northwest margin (g-g’, fig. 3)
of the graben. This igneous complex, of Late Cretaceous age
(Scharon and Hsu, 1969) may also have been emplaced along
faults flanking the graben. The Magnet Cove Complex con-
sists of alkalic rocks that include nepheline syenite, ijolite,
jacupirangite, pyroxenite, and trachyte (Erickson and Blade,
1963). The more mafic components produce the large
magnetic amplitude of 8500 v associated with the complex.
This amplitude is approximately an order of magnitude

greater than those corresponding to the intrusive plutons
situated along the margins of the graben. Most of these plu-
tons are embedded entirely within Precambrian basement,
whereas the Magnet Cove Complex intrudes Paleozoic rocks.
Difference in depth of emplacement can, however, only par-
tially explain the appreciable contrast in magnetic intensities.
An obvious explanation for this is that the original melt com-
position of Magnet Cove was different from that of the other
bordering plutonic masses. Magnetic Cove rocks developed
from magma rich in the iron-titanium-oxygen compounds. In
addition, the fine-grained alkalic rocks belonging to the Mag-
net Cove extrusive suite cooled faster than the intrusive alkalic
rocks associated with the plutons. In general, fine-grained
materials formed by rapid cooling have higher susceptibilities
than coarse-grained crystals (Grant and West, 1965). The
suggested difference in cooling rates may account, in part, for
the substantial contrast between the magnetic amplitude of
Magnet Cove and amplitudes of the buried plutons.

The proposed graben is clearly defined at the southern
boundary of the surveyed area and probably extends some-
what farther southwest beyond the limits of the data. The
northern terminus of the graben is difficult to determine ow-
ing to strong northwest-trending magnetic features that lie
approximately normal to the graben’s axis. These magnetic
features mask the more subdued magnetic gradients associ-
ated with the graben. Consequently, the northwest margin of
the graben, which is presently shown to end near the Bloom-
field pluton (fig. 4), may extend farther northeast into Ken-
tucky and Indiana. The derivative map (fig. 6), however, sug-
gests that the trend of this boundary changes from northeast
to north. A gradient transition with a northerly trend flanks
the Bloomfield anomaly on its eastern side. Additional mag-
netic data north of the surveyed area will aid in defining the
northern limits of the graben.

These magnetic structures indicate that Area I is underlain
by a graben, probably associated with a rift. A graben is defin-
ed as an elongate depression of crustal rocks bordered by
faults. The depth-to-magnetic-basement map clearly shows a
crustal depression within Area I. The linear trend of igneous
intrusions that border this depression strongly suggests the
presence of faults that formed in conjunction with the graben.
A rift can be defined as a large graben; generally in a rift,
however, secondary faulting occurs along the floor, producing
a series of smaller scale horsts and grabens. Magnetic base-
ment along profiles perpendicular to the graben’s axis (fig. 7)
suggests that secondary faulting occurred within the graben
floor. The area of principal seismicity in the upper Mississippi
Embayment (fig. 4) lies within the graben structure and, thus,
reveals the presence of active fault zones associated with this
structure. These observations have prompted us to interpret
this feature as an expression of an ancient rift.
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AREAII

The magnetic signature within Area II is characterized by
intense anomalies of relatively small areal extent; it is similar
to the magnetic signature of the St. Francois Mountains (U.S.
Geological Survey, 1978). Unmetamorphosed volcanic and
related epizonal intrusive rocks of late Precambrian age (Kis-
varsanyi, 1974) make up the majority of the St. Francois
region. However, included in the St. Francois Mountains In-
trusive Suite (Kisvarsanyi, 1976) are highly magnetic mafic
rocks such as pyroxene gabbro, hornblende diorite, olivine
gabbro, and troctolite. An average susceptibility of 0.0024 cgs
units has been determined for diabasic rocks in the St. Fran-
cois Mountains, although susceptibilities as high as 0.014 cgs
units may be associated with some mafic intrusions (Phelan,
1969).

Magnetic basement within Area II is interpreted as contain-
ing rocks similar to those encountered in the nearby St. Fran-
cois terrane. These rocks, formed about 1.5 b.y. ago (Bickford
and Mose, 1975), predominantly include rhyolitic ash-flow
tuffs, intrusive granites, and diabasic and basaltic dikes and
sills. The mafic plutonic rocks presumably produce the observ-
ed intense highs of small areal extent (fig. 2). Precambrian
basement (fig. 5) underlying Area II appears to be eroded into
isolated hills and knobs. Drill-hole information indicates that
the Paleozoic sedimentary rocks within Area II are relatively
flat lying. The development of relief on Precambrian base-
ment must, therefore, have occurred prior to the deposition of
the oldest Paleozoic sedimentary unit. Similar erosional
features are observed in the St. Francois Mountains and other
Precambrian outcrops in southeast Missouri.

Five prominent northwest-trending magnetic lineaments
(b-b’ through f-f', fig. 3) are also present within magnetic
basement underlying Area II. Four of these lineaments ap-
pear to terminate near the northwest boundary of the graben
(g-g', fig. 3) in Area I. The northwest-trending magnetic
features may represent deep- seated fracture systems in an
older crustal terrane along which highly magnetic igneous
material intruded. These mafic intrusions are probably
similar in age (1.5 b.y.) and composition to those observed in
the St. Francois terrane.

Magnetic lineament b-b’ (fig. 3) trends N. 52° W. along
the southern boundary of the Bloomfield anomaly (B, fig. 3)
to the edge of the surveyed area. If extended about 50 km to
the northwest, the lineament alines with the Black fault (fig.
4) and may delineate the extension of this fault into the em-
bayment. This interpreted fault may have also provided a
channelway for magma which formed the Bloomfield pluton
(fig. 4).

Magnetic basement (fig. 5) is relatively shallow within Area
II, where computed depths of less than 2 km are common.
More significantly, magnetic basement often rises to a kilo-
meter or less below sea level, a depth suitable for mining ore
deposits. The St. Francois Mountains are well known for ore
deposits of iron-copper-cobalt, iron-apatite-rare earth,

tungsten-lead-silver, and manganese (G. Kisvarsanyi, 1976).
Within the southeast portion of Area II, magnetic basement
descends to depths greater than 2 km. The eastern terminus
of the Arkoma basin (fig. 4) is located in this region and prob-
ably causes a deepening of the basement surface.

AREA III

Magnetic highs of small areal extent are observed in the
vicinity of the southern and eastern boundaries of Area III.
The average depth of the associated magnetic sources is 2.5
km. This 2.5-km depth is approximately 1 km deeper than
that of the inferred Precambrian mafic intrusions located
within Area II. Magnetic signatures of Areas II and III
became comparable after compensating for the difference in
emplacement depth. The high-frequency anomalies exten-
sively distributed east of the graben are, therefore, interpreted
as Precambrian mafic dikelike or sill-like bodies analogous to
those west of the graben. An area characterized by nondes-
cript magnetic signatures lies between the southeast margin of
graben h-h’ (fig. 3) and the regions of Area III intruded by
mafic masses. Magnetic basement within this relatively quiet
magnetic zone evidently lacks highly magnetic mafic intru-
sions.

Distinct magnetic lineaments within Area III (j-j' through
n-n’, fig. 8) strike predominantly northeast. The hypothesis
that the Mississippi Embayment contains a tensional struc-
ture, namely a rift, is further supported by the correlation in
trends of these lineaments and the margins of the graben. As
stated previously, magnetic lineaments west of the graben are
strongly oriented to the northwest. This contrast in the direc-
tion of magnetic lineaments on either side of the graben sug-
gests that the magnetic basements flanking the graben under-
went different tectonic evolutions.

Magnetic basement underlying Area III may also be
younger than that within Area II. A well in St. Francois Coun-
ty, Ark., lat 35° N. and long 91° W. (Howard Schwalb, writ-
ten commun., 1979), and one in Giles County, Tenn., lat
35°45' N. and long 87° W. (Wasserburg and others, 1962),
have encountered granites dated at about 1.1 b.y. old by the
K-Ar method. Granite from a well in north-central Mississippi
has been dated as 0.79 b.y. by the K-Ar method. This latter
granite, however, may be metamorphosed and, thus,
somewhat older (Riggs, 1976). The indicated differences in
age and structural trends in magnetic basements on either side
of the graben suggest that the graben developed along a juxta-
position of contrasting lithologic basements. The age of base-
ment rock east of the graben prompts comparison with Gren-
ville terrane. According to Baer (1976), a Grenville event in-
volved reactivation of an ancient crust by continental collision
1.0 to 1.1 b.y. ago. Metamorphism associated with the Gren-
ville orogeny occurred over much of the eastern part of the
continent (Lidiak and others, 1966). The extension of the
Grenville Front into western Tennessee (Area III) will,
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however, require closer examination when additional data
become available.

Magnetic lineaments e-e’, k-k’, and n-n’ (fig. 3) flank
magnetic highs associated with mafic intrusions. These linea-
ments may, therefore, reflect boundaries between different
basement-rock types. Because of the intense highs lying along
lineament j-j’, the associated structure is delineated as a deep-
seated fault along which dikelike and sill-like masses intruded.
Lineament m-m’ parallels a hypothetical fault shown in
figure 4. Owing to the proximity of the Pascola arch, the inter-
preted fault may represent partial decoupling associated with
the late Paleozoic tectonism that formed the arch.

Substantial structural relief in magnetic basement is
noticeable within Area III (fig. 5). Near its northern boun-
dary, the basement appears to deepen along a troughlike
feature trending east-west at an average depth of 3.9 km along
lat 36° N. This feature is flanked to the south by an east-west-
trending basement high lying at an average depth of about 2.2
km. The tectonic evolution of these two basement features is
difficult to formulate because they trend obliquely to
magnetic lineaments (fig. 3) and known Phanerozoic struc-
tures in the embayment (fig. 4). On the other hand, the Moor-
man syncline (fig 4) underlying Area IV is described as an east-
west-trending trough of early Paleozoic age. The upwarp and
adjacent basin may, therefore, represent Phanerozoic read-
justments to tectonic forces analogous to those that formed the
Moorman syncline but unrelated to those associated with the
formation of the northeast-trending graben within Area I.

ARFA IV

Regional structures and lithologies of magnetic basement
underlying most of Area IV were previously studied by Lidiak
and Zietz (1976). Their major observation pertaining to this
region, characterized by strongly oriented west-northwest line-
aments (fig. 3), concerns the good correspondence between
surface faults and magnetic lineaments. Excellent correlation
exists between magnetic anomalies and the surface faults asso-
ciated with the Rough Creek fault zone, which, in turn, coin-
cide with magnetic lineament s-s’. Lineament 0-0 ' alines with
the buried extension (fig. 4) of the Ste. Genevieve fault in
western Kentucky (Freeman, 1950). Also, strong gravity gra-
dients alining with the Ste. Genevieve fault in Illinois appear
to extend into western Kentucky along lineament o-o’ (Hil-
denbrand and others, 1977). Lidiak and Zietz (1976) have,
however, interpreted a magnetic lineament, approximately
coinciding with lineament p-p’, as an expression of the
southern part of the Ste. Genevieve fault. Because the
southeast projection of the fault lies between lineaments
o-o’and p-p’, it is difficult to assess which lineament
represents the buried extension of the fault in western Ken-
tucky. The Ste. Genevieve fault may bifurcate into two faults
expressed as lineaments 0-0’ and p-p’'. Nevertheless, the cor-
relation of magnetic lineaments and major fault zones suggests
that the faults are basement controlled and are related to

Precambrian structural trends (Lidiak and Zietz, 1976).

Alternating magnetic highs and lows of Area II are bound-
ed by the five magnetic lineaments oriented to the west-
northwest (fig. 3). This magnetic pattern may in part, reflect
block faulting. For instance, the magnetic high situated be-
tween lineaments 0-0‘ and p-p’ may represent an uplifted
block. Depths to magnetic basement, to some degree, support
this hypothesis. Because substantial distortion in the southeast
margin of the graben (h-h’, fig. 3) occurs in the region bet-
ween lineaments 0-0’ and p-p’, this uplifted block may have
also experienced lateral movement to the southeast. The
resulting sense of movement would have been right-lateral
along faults expressed as lineaments o-o ' and left-lateral along
lineament p-p’. The estimated amount of offset is about 12
km. A depression in magnetic basement located between
lineaments p-p 'and s-s ' apparently reflects the geographic ex-
tent of the Moorman syncline. A series of prominent
northwest-trending magnetic highs bounded by lineaments
g-q" and r-r’ lie within this downfaulted block. Syenite to
peridotite dikes and sills of varying composition, together with
explosion breccias (Clegg and Bradbury, 1956; Koeing, 1956;
Heyl and others, 1965), underlie this magnetic feature in the
vicinity of the Kentucky-Illinois State boundary. Hicks dome,
a structural feature of the Kentucky-Illinois fluorspar mineral
district near lat 37°30' N. and long 88°15' W, is located a
small distance beyond the surveyed area and along a northwest
projection of this series of magnetic highs. This dome is an
alkalic cryptovolcanic structure that consists of mineralized
breccia and kimberlite dikes (Heyl and others, 1965).
Kimberlite and peridotite dike rocks encountered within these
regions have been dated as approximately 260 m.y. (Permian)
by the Rb-Sr and K-Ar methods (Zartman, 1977). This
northwest-trending magnetic feature evidently represents a
region intruded by mafic igneous bodies that produce a
lithologic contrast in magnetic basement.

An intense circular magnetic high (M, fig. 8) is interpreted
as a large plutonic mass: the Madisonville pluton which lies
within the Moorman syncline. The approximate age of the
Madisonville pluton has been determined using the total-field
dating method referred to previously. The resulting early
Paleozoic age obtained for this feature coincides with the esti-
mated time of formation of the Moorman syncline. An early
Paleozoic igneous event apparently accompanied crustal
warping, from which the Moorman syncline evolved.

The geographic extent of the graben, clearly defined in
Area I, is somewhat ambiguous within Area IV. West-
northwest-trending magnetic features characterizing Area IV
(fig. 3) appear to mask the more subdued gradients related to
the rift. The close correspondence in trend of the New Madrid
fault system and the axis of the graben provides indirect
evidence that the graben continues somewhat farther to the
northeast. This fault system is described by Heyl and
McKeown (1978) as a complex zone of horsts and grabens hav-
ing an appreciable width (more than 60 km). The northeast-
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trending faults associated with the New Madrid system may
reflect the presence of the rift in northwest Kentucky and
southeast Illinois. The derivative map (fig.3) suggests that the
southeast margin of the graben (h-h’, fig. 3) extends northeast-
ward across perpendicular-trending features and then bends
easterly where it merges with lineament r-r’. The implied
easterly trend of the graben’s margin occurs geographically
near the eastern boundary of the New Madrid fault system.
Faults in this area also curve to the east in western Kentucky.
As previously discussed, a marked change on the trend of the
northwest margin of the graben is also indicated on the
derivative map near the Bloomfield anomaly. The implied
widening of the graben boundaries in the northern regions of
the surveyed area may reflect a transition from a rift structure
to a block- faulted region. In other words, the intense faulting
and igneous activity within Area IV may represent structural
features that formed within the northern terminus of the infer-
red rift zone. Without detailed analyses of additional
magnetic data north of the surveyed area, the authors cannot
firmly conclude that the northern terminus of the graben lies
within the surveyed area, although this is suggested by inter-
pretations of the available data.

MAGNETIC STRUCTURES SPATIALLY
RELATED TO SEISMICITY

The graben structure noticeably contains the area of prin-
cipal seismicity (fig. 4) in the upper Mississippi Embayment.
Also, the epicentral line of the 1811-12 New Madrid earth-
quake series (Fuller, 1912) lies within the geographic limits of
the graben. In particular, the present-day seismicity pattern
suggests the existence of linear active zones (Stauder and
others, 1976; Herrmann and Canas, 1978). A linear trend of
epicenters strikes northeast along the graben’s axis. Inferred
vertical displacements, associated with deep-seated faults
paralleling the graben’s axis, are consistent with crustal frac-
turing of known rifts. The close correspondence between the
interpreted fault zone and the linear northeast trend of
present-day seismicity suggests that the associated rift is
presently active. The axial seismicity pattern of known
spreading rifts (Sykes, 1967) is very similar to that of the pro-
posed rift. On the other hand, focal-mechanism studies by
Herrmann and Canas (1978) revealed significant components
of right-lateral motion occurring along the northeast-trending
seismicity zone. This sense of movement is incompatible with
that of extensional features such as rifts. Another explanation
for right-lateral faulting along the graben’s axis may be that
past rifting activity resulted in highly fractured and folded
crustal material within this region. The axis may represent a
zone of crustal weakness along which strain, produced by tec-
tonic forces different from that which formed the graben, is
being relieved (Hildenbrand and others, 1977). Detailed in-
vestigations pertaining to the dynamics of rifting in the em-
bayment, as well as additional numerical ground-motion

studies, are needed to better understand the relationship bet-
ween the graben’s axis and contemporary faulting.

Seismicity trends change abruptly from northeast to slightly
west of north at the intersection of the graben with the Pascola
arch. This trend change may be intimately related to inferred
igneous masses emplaced along the axis of the graben (fig. 4).
These intrusions, if present, may have cemented the associated
faults in such a manner as to influence the distribution of
stress. Strain related to present-day earthquakes would then
follow structural features of less resistance, such as the junc-
ture of the Pascola arch and the graben. The resulting north-
northwest seismicity trend roughly coincides with the inter-
preted fault expressed as lineament a-a’ in figure 3. The
magnetic low flanking this fault suggests that the fault is
downthrown to the north.

Another change in direction of seismicity occurs near the
Bloomfield pluton. Along the edge of the pluton, linear
seismic zones corresponding to active faults appear to strike
both in a westerly and northeasterly direction. The northeast
component of seismicity may follow border faults associated
with the graben’s margin. Apparently, the Bloomfield pluton
influences the distribution of stress in this region. Strong cor-
relations between stress accumulation and mafic or ultramafic
intrusions in the eastern United States have been previously
discussed by Kane (1977), Long (1976), and McKeown (1975).
Kane (1977) observed that extensive magnetic highs are pre-
sent in or near seven major eastern North American earth-
quake areas as defined by Hadley and Devine (1974). He sug-
gested that stresses are concentrated around the periphery of
plutonic masses in much the same manner as stress concentra-
tions occur near holes in plates under stress. The precise
nature of the relationship between igneous intrusions and
faulting in the embayment certainly requires closer examina-
tion.

Earthquakes are much less frequent southeast of the graben
than northwest of it. This may indicate that active uplift or
subsidence is presently occurring in the Ozarks and that the
region east of the graben has essentially readjusted to present-
day tectonic forces.

DISCUSSION AND CONCLUSIONS

Interpretation of the aeromagnetic data suggests a complex
tectonic evolution of the upper Mississippi Embayment region.
A major tectonic event involving the development of a large
graben or rift zone occurred in late Precambrian or early
Paleozoic time. The average maximum depth to magnetic
basement is 4.3 km within the graben and 1.7 km and 2.7 km
within the regions flanking the graben to the northwest and
southeast, respectively. The suggested 1.6-2.6 km of relief bet-
ween basement inside and outside the graben does not,
however, fully account for the contrast in magnetic signatures.
Magnetic data within those regions flanking the graben were
continued upward the appropriate distance to compensate for
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the depression of basement associated with the graben.
Magnetic signatures of the graben feature remained inherent-
ly different from those outside the graben. This difference
diminished when data outside the graben were continued up-
ward an additional kilometer or more. This simple exercise in-
dicates that an intrinsic contrast exists in basement-rock type.
Magnetic basement flanking the graben to the northwest may
consist of metamorphic and granitic rocks intruded by mafic
plutonic rocks. A somewhat similar composition is proposed
for basement lying southeast of the graben. The widespread
distribution of bodies of mafic rock within these two regions
flanking the graben generates intense magnetic anomalies of
small areal extent. Sparse distribution of similar mafic bodies
within the graben may account for the observed contrast in
magnetic signatures. Another explanation for this contrast in
magnetic signatures is that magnetic properties of basement
related to the graben have been appreciably reduced due to
extensive fracturing or shearing. Whatever the precise cause,
this feature is obviously of tectonic origin and must be in-
timately related to the formation of the Mississippi Embay-
ment.

Available geologic information suggests that the sedimen-
tary graben-fill is pre-Late Cambrian in age (E. Glick, oral
commun., 1979). Development of the graben must have,
therefore, occurred prior to Late Cambrian time. The 1.2- to
1.5-b.y.-old volcanic and shallow intrusive rocks related to the
Central Province give evidence of a thermotectonic event dur-
ing which continental rifting in central North America may
have taken place. The extensive terrane of volcanic and
shallow intrusive rocks associated with the Central Province
extends from Michigan and Ohio to as far southwest as
Arizona (Seyfert and Sirkin, 1973). Formation of the
Oklahoma aulacogen (Wickham, 1978) also demonstrates late
Precambrian to early Paleozoic rifting in the midcontinent.
Suggested temporal limits associated with the evolution of the
graben span a considerable period of geologic time, ranging
from 0.55 to 1.5 b.y.

Moreover, magnetic basements flanking the graben may
have differing tectonic histories. The magnetic basement
northwest of the graben is thought to contain < 1.5-b.y.-old
mafic intrusions analogous to those emplaced in the St. Fran-
cois Mountains. Apparently, these intrusive rocks were
emplaced on or near an old crustal surface and represent part
of the Central Province intrusive suite. On the basis of
magnetic trends and drill-hole information, magnetic base-
ment southeast of the graben is interpreted as being different
in lithology and age than that northwest of the graben. We
suggest that 1.1-b.y.-old basement, possibly Grenville-age
rocks, flanks the graben to the southeast. The graben associ-
ated with inferred rifting may have, therefore, developed
along a boundary separating different basement-rock types.

The proposed hypothesis, that the Mississippi Embayment is
the site of a continental rift, is compatible with earlier inter-
pretations made by Kumarapeli and Saul (1966), Heyl (in

White, 1967, p. 382), Burke and Dewey (1973), and Ervin and
McGinnis (1975). In the model derived by Ervin and McGin-
nis, the rift evolved in late Precambrian time by the emplace-
ment of high-density magma into the crust, associated uplift,
and subsequent isostatic subsidence and trough formation.
The present study, however, indicates that the graben, herein
called the Mississippi Valley graben, is not as extensively in-
truded by mafic masses as those regions flanking the graben.
In addition, if uplift occurred during the initial phases of rif-
ting, the volcanic rocks of the St. Francois Mountains would
have been extensively eroded, but this is not observed. A dif-
ferent model for the evolution of the Mississippi Valley graben
is postulated herein on the basis of the new structural informa-
tion derived from the interpretation of the magnetic data.

In the proposed model, the lithologic boundary, separating
the Grenville Province and the Central Province, represented
a zone of crustal weakness along which the rift evolved in late
Precambrian or early Paleozoic time. Tensional stresses, act-
ing along the boundary separating different basement-rock
types, caused the crust to fail by brittle fracture and shearing.
This model for rift basin evolution has been proposed by
Salveson (1978). In this model, a rift zone forms from exten-
sion and not from initial uplift and subsequent subsidence due
to isostatic adjustment. Fracturing by normal faulting or block
faulting probably led to crustal thinning. Anomalous mass ex-
ess underlying the embayment is suggested in gravity interpre-
tations by Cordell (1977) and Ervin and McGinnis (1975). The
sparsity of mafic intrusions lying within the rift zone and the
lack of any evidence for major volcanism in the embayment in-
dicate that the raising of the mantle and associated partial
melting of the crust did not provide a source of plutonism or
volcanism within the shallow regions of the crust during the in-
itial phases of rifting. The Tanganyika and Jordan depressions
are examples of other rifts that have no associated volcanism.

The post-rifting phase included thick accumulation of
Paleozoic sediments within the rift zone (Ervin and McGinnis,
1975) and emplacement of alkalic intrusions both within the
rift zone and along its margins. Paleozoic sediments exceeding
4.5 km in thickness (Bond and others, 1971) may have been
deposited in the Reelfoot basin (fig. 4). Age determinations of
kimberlite and peridotite dikes and sills, encountered in wells
in the vicinity of the Kentucky-Illinois fluorspar district and of
the crest of the Pascola arch, suggest that Late Pennsylvanian
and Permian igneous events occurred within the rift zone. A
belt of interpreted mafic intrusions,lying within the rift zone
and trending perpendicular to its axis in western Kentucky,
may indicate the presence of a transverse shear zone that pro-
vided a channelway for magma. Inferred dikes, sills, and large
plutons of post-middle Mesozoic age intruded the border
faults of the rift zone. The extensive distribution of igneous
bodies along the margins of the rift zone suggests that the
anomalous mantle material in the lower crust solidified by
post-middle Mesozoic time and, thus, represented an obstruc-
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tion for raising magma. The rift-border faults would then
have provided better channelways for the ascending magma
than the rift-axial faults. The geographic locations of these
magmatic intrusions strongly suggest that the associated ig-
neous events are intimately related to the rift zone. The ig-
neous intrusions may reflect reactivation of the rift or simply
tectonic events unrelated to rifting but associated with magma
emanating from pre-existing deep-seated faults within the rift

zone.
The geographic extent of rifting has yet to be determined.

The available magnetic data indicate that the northern ter-
minus of the rift zone lies within western Kentucky and
southern Illinois. In this region, characterized by intense ig-
neous activity and faulting, the margins of the rift zone appear
to widen substantially. The rift zone is clearly defined at the
southern boundary of the surveyed area and must, therefore,
extend somewhat farther southwest. Continuation of the rift
zone may be supported by the existence of alkalic intrusions in
southeast Arkansas that include the Magnet Cove ring-dike
complex and syenite bodies near Little Rock. If projected to
the southwest, the rift intersects the Ouachita Foldbelt, where
it bends beneath the embayment. The late Precambrian to
early Paleozoic Oklahoma aulacogen also extends into a
craton at a high angle from a bend in the Ouachita Foldbelt.
The strong correlation in structural configuration and age of
these two rifts suggests that they had a common origin. Addi-
tional magnetic data north and south of the present area of
coverage will be helpful in delineating the geographic extent
of the rift zone and in better understanding continental rifting
in the embayment.

Pertinent research areas for future consideration include (1)
delineating the total extent of rifting, (2) determining the rela-
tionship between seismicity and rift-related features that in-
clude deep-seated faults and plutonic masses, (3) developing a
detailed model describing the evolution of the rift zone, (4) un-
derstanding the relation between infra-sedimentary plutonism
and tectonic structures, (5) delineating the lithologies and
structures of Precambrian basement, and (6) investigating the
possible dynamics of continental rifting in the embayment.
The magnetic interpretations presented here will certainly be
refined or modified when more detailed quantitative analyses
are carried out and additional geophysical and geologic data
are acquired. The results indicate that the Mississippi Embay-
ment region experienced a complex tectonic history. Further
studies will be very helpful in understanding intra-cratonic
tectonics.
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TECTONIC FEATURES OF THE NEW MADRID SEISMIC
ZONE FROM SEISMIC-REFLECTION PROFILES

By R. M. HamiLToN and M. D. ZoBack

ABSTRACT

Over 250 km of multichannel, common-depth-point seismic-reflection
profiles in the New Madrid, Mo., seismic region show that the modern
seismicity of the New Madrid area is associated with reactivated geologic
features of ancient origin. The main seismic zone, which extends over 100
km in a northeasterly direction from near Marked Tree, Ark., to Caruthers-
ville, Mo., is associated with a zone of arched and faulted Paleozoic rocks
and minor faulting of overlying Upper Cretaceous and Tertiary rocks. Ver-
tical offset of the Paleozoic rocks is about 1 km. These zones of faulting and
seismicity lie along the axis of a northeast-striking basement rift of late Pre-
cambrian or early Paleozoic age. In the southern part of the diffuse zone of
seismicity that extends northward from the Ridgely, Tenn., area to the
vicinity of New Madrid, a northeast-striking, high-angle, reverse fault shows
about 80 m of post-middle Eocene vertical movement. An inferred igneous
intrusive body lies northwest of the fault. The intrusive activity apparently
preceded the faulting, but probably was also Cenozoic in age. In the vicinity
of New Madrid, the upper Paleozoic section is intensely disrupted, possibly
from late Paleozoic igneous activity. A northeast-striking seismic zone west
of New Madrid appears to be associated with a fault showing mostly pre-
Paleocene vertical movement.

INTRODUCTION

Assessment of seismic risk in the mid-continent region re-
quires that the intense seismicity of the New Madrid zone be
understood in relation to geologic structures and tectonic
history. The main difficulty in establishing such a relation is
that most of the seismic zone is covered by thick and poorly
consolidated sediments of the Mississippi River valley. The
bedrock geology is buried and any faulting of the bedrock
could be greatly diminished and may not be well preserved in
the soft sediments at the surface.

A variety of geophysical methods have been employed in an
effort to improve knowledge of seismicity and structure in the
New Madrid seismic zone. Installation of a seismograph net-
work of moderate density has led to a marked improvement in
resolution of the seismicity pattern (Stauder and others, 1976;
Stauder and others, 1979). Lineations in the seismicity pattern
can now be clearly seen, suggesting the location of faults,
whereas earlier epicenter maps (for example, Hadley and
Devine, 1974) show a much more diffuse pattern. Magnetic
and gravity surveys have revealed several strong anomalies in-
terpreted to be plutons and have suggested the presence of a
northeast-striking basement graben or rift (Hildenbrand and

others, 1977; Hildenbrand and others, 1979; Hildenbrand
and others, this volume). These and other important tectonic
features of the New Madrid region are shown on figure 1.

To further study the relationship between seismicity and
structure, an extensive program of multichannel, common-
depth- point, seismic-reflection profiling was undertaken.
Preliminary work was done in the Tiptonville, Tenn., area in
1977 when 32 km of profiles were obtained (Zoback, 1979).
Because the results from that study proved encouraging, a
much larger survey was carried out in 1978 and 1979, when
about 250 km of profiles were run. The most significant results
of the more recent profiling were summarized by Zoback and
others (1980). The data from both surveys were released in a
report by Hamilton and Zoback (1979). This report constitutes
a full presentation and comprehensive discussion of the pro-
files from the 1978-79 survey. Features of particular interest
are analyzed in detail.

GEOLOGIC SETTING

Considerable attention must be paid to the geologic history
of the New Madrid seismic region because of an apparently
close relationship between current seismicity and geologic
features of ancient origin. The reader is referred to the detail-
ed summary of geologic history that is presented in the intro-
ductory chapter of this volume and to Hinze and others (1977).

The New Madrid seismic zone lies at the northern end of the
Mississippi Embayment, in a region covered with poorly con-
solidated Cenozoic and Upper Cretaceous sediments. These
sediments overlie Paleozoic sedimentary rocks, which in the
study area are mostly limestones and dolomites of Ordovician
and Cambrian age. The nearest exposure of Precambrian
rocks is about 150 km north-northwest of the seismic zone in
the St. Francois Mountains of Missouri.

The geologic structure of the embayment largely reflects the
topography of the Paleozoic surface, which forms a broad,
southwest-plunging trough. In the center of the embayment,
in the area of this study, Late Cretaceous, Paleocene, and
Eocene deposits over this surface are generally conformable.
Knowledge of Paleozoic structure is based on subsurface infor-
mation from wells. Centered in southeastern Missouri, Cam-
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FIGURE 1. —Relationship of earthquake epicenters, plutons, rift boundaries, faults, and major geologic features in the northern Mississippi Embayment

region. Epicenters, open circles (Stauder and others, 1979); plutons, lined pattern; rift boundaries, heavy solid lines (Hildenbrand and others, this
volume); and faults, fine solid lines (Heyl and McKeown, 1978).

brian rocks lie at the Paleozoic surface surrounded by suc- Many of the wells in the northern Mississippi Embayment
cessive belts of Ordovician and Devonian rocks. Thus, thesub-  that have reached Paleozoic rocks have encountered igneous
crop data reveal the presence of a structural high, which is rocks of alkalic composition (Miser and Ross, 1925; Kidwell,
named the Pascola arch (Grohskopf, 1955) (fig. 1). 1947, 1950; Clegg and Bradbury, 1956), which are indicative
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of a deep magma origin (Zartman, 1977). A Permian age was
determined by the K-Ar method for cuttings from one well in
the area (Zartman and others, 1967; Zartman, 1977).

Numerous faults have been mapped in the region north of
the Mississippi Embayment (Heyl and McKeown, 1978) (fig.
1). Although activity in the New Madrid seismic zone extends
into the region of the mapped faults, its distribution is diffuse
there, and no clear correlation between faults and earth-
quakes has yet been established. Much of the fault movement
occurred between Pennsylvanian and Cretaceous time
(Krausse and Treworgy, 1979). Continuation of mapped
faults under the sediments of the embayment is largely conjec-
tural.

The deep structure of the northern embayment is indicated
by geophysical data. A seismic-refraction survey along the
northwestern margin of the embayment, between Cape
Girardeau, Mo., and Little Rock, Ark., showed that the crust
is 45 km thick and that a layer of material intermediate bet-
ween normal crustal and mantle rocks in velocity (7.4 km/s)
exists in the lower crust (McCamy and Meyer, 1966). Regional
gravity data, when used with the seismic-refraction data, sug-
gest that this layer thickens under the middle of the embay-
ment, and this thickening has been interpreted as evidence for
a broad, northeast-striking rift of Precambrian origin (Ervin
and McGinnis, 1975). Recent, detailed magnetic and gravity
data show a similarly striking graben in the upper crust that
has structural relief of 1.6-2.6 km; this graben may have form-
ed as early as late Precambrian or early Paleozoic time (Hil-
denbrand and others, 1977; Hildenbrand and others, this
volume). These data also show the locations of numerous
plutons, particularly along the graben, or rift, margin and
axis (fig. 1).

SEISMICITY

The improved seismograph network in the New Madrid
region greatly increased the resolution of the seismicity pattern
(fig. 1). The major feature is a linear zone extending for about
100 km from near Marked Tree, Ark., in a northeasterly
direction to beyond Caruthersville, Mo. This zone lies approx-
imately along the axis of the northeast-striking rift (fig. 1)
defined by magnetic and gravity data (Hildenbrand and
others, 1977; Hildenbrand and others, this volume). A more
diffuse zone lies between the Ridgely, Tenn., area and New
Madrid, Mo., to the north. Another northeast-striking zone
passing northwest of New Madrid toward Charleston, Mo., is
evident, as are other clusters of activity. Fault-plane solutions
(Herrmann, 1979) suggest predominantly right-lateral, strike-
slip movement along the northeast-striking seismic zones and
essentially east-west compression. The nature of movement
between the two northeast- striking zones, that is, in the zone
between Ridgely and New Madrid, is evidently more complex
because the fault-plane solutions are varied (Herrmann and
Canas, 1978; Herrmann, 1979). Composite-fault-plane solu-

tions from a microearthquake study in this zone, however, also
indicate east-west compression (O'Connell and others, this
volume). Focal depths for New Madrid earthquakes are mostly
less than 15 km (Stauder and others, 1979).

Although the epicenters for the three main earthquakes in
1811-12 are not reliably known, a case can be made for their
approximate location based on intensity data (Nuttli, 1973).
The first shock, on December 16, 1811, probably occurred in
northeastern Arkansas toward the southwestern end of the
seismic zone. The second shock, on January 23, 1812, was
closer to New Madrid than the first one. The third shock, on
February 7, 1812, was nearest to New Madrid. Thus, the first
large earthquake, and perhaps the second one, may have oc-
curred along the main Marked Tree-Caruthersville seismic
zone. The third earthquake could be associated with the zone
of current seismicity near New Madrid. Of course, it is also
possible that the faults responsible for the 1811-12 earth-
quakes are not revealed by current seismicity.

DATA ACQUISITION AND PROCESSING

The seismic-reflection profiling made use of the Vibroseis!
method. Data acquisition and processing were carried out by
Geophysical Services Inc. (GSI) under contract to the USGS.
Most of the profiles were located so as to cross linear zones in
the seismicity pattern (fig. 2). To facilitate correlation, most of
the profiles were tied to one another. As the land is agricul-
tural and the water table seasonably high, the logistics of truck
operations necessitated that the profiles lie along roads. Vibra-
tion points were located more than 120 m from buildings or
water wells to prevent the possibility of damage. For the same
reason, highly populated roads had to be avoided.

Three or four vibrator trucks were used with a 48-channel
recording system. All profiles were run with a 122-m offset to
the nearest recording group. Thirteen of the profiles were run
with 30.5-m-group intervals in split spreads. These profiles
were designated by the letter “S” because the parameters of the
spread configuration and sweep were chosen to enhance
shallow reflections. Three profiles run with 61-m-group inter-
vals to enhance deep reflections were designated by the letter
“D." Profiles D-1 and D-3 were run as split spreads, and D-2
was run as an off-end spread. Multiplicity was 12- and 24-fold
on the S and D profiles, respectively. Generally, 15 sweeps of
7-s duration were made at each vibration point with 10 s of
recording time. The sweep frequency was usually 10-80 Hz for
the S profiles and 10-50 Hz for the D profiles. Additional
parameters are given by Hamilton and Zoback (1979).

The fieldwork was done in two stages. Profiles S-1 through
12, D-2, and the west third of D-1 were completed before the
end of 1978, when work was interrupted, first by icy road con-

'Trademark of Continental Oil Co. Any use of trade names is for descriptive purposes only and does
not imply endorsement by the U.S. Geological Survey.
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ditions and then by floodwaters. The interruption proved to
be beneficial because it allowed time for preliminary data pro-
cessing on the completed profiles. Consequently, profiles D-3
and S-13 were added to the field program — the former line to
determine true dip and strike of Paleozoic strata seen on line
D-1, and the latter line to attempt to trace the southwesterly
continuation of a fault seen on lines S-6 and S-4.

Data processing was done by standard procedures (see, for
example, Dobrin, 1976; Sheriff, 1978; and Waters, 1978).
The data were not migrated, except for a part of line S-6. In
addition to the final-stack record sections, which are shown
here in figures 5-14 and 16-22, the data available for analysis
include correlated field records, brute-stack record sections
(before residual static and residual normal-moveout correc-
tions were made), single-fold-coverage sections (unstacked
records from the individual vibrating points), velocity
analyses, and computer listings of the residual static correc-
tions.

Several features on the profiles that appear as deformation

of reflections are thought instead to be artifacts of the data
processing. In places where a number of sequential vibration
points were skipped, a wedge-shaped gap appears at the top of
a section and the reflections generally drape toward the gap.
Artificial reflection offsets apparently can result both from a
bend in a profile and from residual-static processing; the
residual static problems appear to occur only near the ends of
a profile. Examples are cited later in the section “Description
and Interpretation of the Profiles.” In general, static effects
appear to have been treated adequately in the data processing.
Most zones in which significant corrections have been made
are correlated with low-lying areas; the shot and receiver cor-
rections are mostly less than 10 ms.

Seismic-wave velocities increase sharply at the Upper
Cretaceous-Paleozoic contact. Stacking velocities for the
reflections above this contact mostly fall in the range from 2.0
to 2.1 km/s. Thus, two-way travel time in milliseconds for
reflections in the Tertiary and Upper Cretaceous sections is
approximately equal to distance in meters. Correlation be-
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A CRUSTAL STRUCTURE STUDY
OF THE NORTHERN MISSISSIPPI EMBAYMENT

By C. B. AusTin! and G. R. KELLER!

ABSTRACT

Short- to intermediate-period (5-80 s) Rayleigh waves recorded at
Worldwide Seismograph Station Network stations FLO (near St. Louis,
Mo.) and OXF (Oxford, Miss.) were analyzed digitally to obtain group- and
phase- velocity dispersion curves. These data were used to determine the
crustal and upper mantle shear-velocity structure of the northern Mississippi
Embayment. The models derived suggest that the crustal thickness near the
axis of the northern Mississippi Embayment is probably in the range from 50
to 55 km. An anomalously high velocity layer (VP ~v 7.0 km/s, Vs nv4.0
km/s) is found in the lowermost crust throughout the region. The crustal
model derived is in good agreement with previous refraction studies.

The results of this study were integrated with previous work to produce a
hypothetical crustal cross section for the northern Mississippi Embayment.
This Earth model is similar to that which would be expected to be associated
with an ancient rift zone (aulacogen?).

INTRODUCTION

The Mississippi Embayment is a broad structural trough or
reentrant of the gulf coastal plain which extends into the
North American craton from the south. This feature, whose
axis generally parallels the course of the Mississippi River,
plunges toward the Gulf of Mexico where Cretaceous and Ter-
tiary sediments reach a maximum thickness of 5.5 km
(Cushing and others, 1964). A popular theory for the origin of
the embayment is that it represents a reactivated late Precam-
brian aulacogen (Ervin and McGinnis, 1975).

!Kidd Seismological Observatory, Department of Geological Sciences; University of Texas at El
Paso, El Paso, TX 79968.

The presence of the New Madrid seismic zone (Stauder and
others, 1976) indicates that the northern Mississippi Embay-
ment is tectonically active. However, the forces responsible for
this activity are poorly understood. Because crustal discontin-
uities may be related to contemporary tectonism (Hinze and
others, 1977), a knowledge of crustal structure is important.
Crustal structure has been of particular recent interest because
of studies which suggest that the northern embayment may be
underlain by anomalous crust (McCamy and Meyer, 1966;
Kurita, 197%; Ervin and McGinnis, 1975; Mitchell and
Hashim, 1977; and Mitchell and others, 1977).

This study was designed to determine the general crustal
and upper mantle shear-velocity structure of the northern
Mississippi Embayment by measuring Rayleigh-wave disper-
sion between WWSSN (Worldwide Seismograph Station Net-
work) seismograph stations in the area and to integrate these
results with those of previous studies in the area. Tectonic im-
plications of variations in crustal structure are considered, as
well as rift models which have been proposed for the develop-
ment of the embayment (Burke and Dewey, 1973; Ervin and
McGinnis, 1975; Hildenbrand and others, 1978).

Burke and Dewey (1973) originally suggested that the
present-day Mississipppi Embayment was a Mesozoic
aulacogen (failed rift) originating from a triple junction near
Jackson, Miss. Ervin and McGinnis (1975), using gravity data
tied to the refraction line of McCamy and Meyer (1966), ex-
amined this model and concluded that the current embay-
ment is the result of readjustment of the Earth’s crust along
zones of weakness created by a Precambrian aulacogen
(Reelfoot Rift). They suggested that the Reelfoot Rift is of the
same age and origin as the southern Oklahoma aulacogen
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(Burke and Dewey, 1973; Hoffman and others, 1974) and that
both of these features formed as a Precambrian land mass
broke up prior to the formation of the Appalachian- Ouachita
mountain belt.

By the Late Cretaceous, the present Atlantic Ocean basin
was forming and subsidence of the gulf coastal plain created
tensional forces that initiated reactivation along the ancient
rift zone (Ervin and McGinnis, 1975). Intrusion of syenite and
lamprophyre along the axis of the Mississippi Embayment
(Bond and others, 1971) marked the initial stage of reactiva-
tion and may have initiated isostatic adjustments that produc-
ed the present-day embayment (McGinnis, 1970). Although
geologic evidence points to a stable embayment since Neogene
time (Stearns and Wilson, 1972), both the extent of historical
seismicity (Nuttli, 1974) and level of recent seismic activity
(Stauder and others, 1976) indicate contemporary tectonism.

PREVIOUS WORK

The crustal structure of the Central United States seems to
be relatively uncomplicated (McEvilly, 1964; Stewart, 1968;
Warren, 1968; Long and Mather, 1972; and others). In
general, the crust of the midcontinent region can be modeled
as being composed of two layers overlain by a veneer of
Paleozoic sediments. The sedimentary layer varies in thickness
from ~ 5 km in various basins to 0 km on the Ozark uplift and
has an average compressional velocity of ~ 5.0 km/s. The up-
per crustal layer (granitic) averages ~ 20 km in thickness and
has a compressional velocity of 6.0-6.4 km/s. The lower
crustal layer (gabbroic) is 10-20 km thick and has a compres-
sional velocity of 6.5-6.9 km/s. Thus, the crustal thickness is
~ 40 km. Upper mantle velocities (Pn) range from 8.0 to 8.2
km/s.

However, seismic studies in the vicinity of the embayment
(fig. 1) suggest the presence of a thick crust that has a basal
high-velocity (> 7.0 km/s) layer overlying the Moho. Interpre-
tation of a refraction line from Hercules to Gladden (fig. 1) in
southern Missouri (Stewart, 1968) indicated a 42-km-thick
crust containing an 11-km-thick lower layer that has a com-
pressional velocity of 7.3 km/s. However, Stewart (1968) noted
that it may be inappropriate to regard the crust of southeas-
tern Missouri as being simply layered due to pronounced
lateral changes in the velocity structure. The refraction line of
McCamy and Meyer (1966) from Cape Giradeau, Mo., to Lit-
tle Rock, Ark., approached much nearer the axis of the em-
bayment and the New Madrid seismic zone (fig. 1). This study
reversed the earlier line of Steinhart and Meyer (1961) and,
thus, is the best control for deep crustal structure in this area.
McCamy and Meyer (1966) found a 45-km-thick crust con-
taining a basal layer 15 km thick that has a compressional
velocity of 7.4km/s. The upper mantle velocity they deter-
mined was 8.1 km/s.

Kurita (1973), modeling long-period P-wave spectra
beneath the seismograph station FLO near St. Louis, Mo.,

found the crust to be about 57 km thick and to have a mafic
basal crustal layer of compressional velocity 7.4 kim/s. He also
found an upper mantle velocity of approximately 8.1 km/s.
Kurita (1973) suggested that a complex crustal tructure ex-
isted beneath station FLO.

More recent studies utilizing data from the Saint Louis
University microearthquake array (Stauder and others, 1976)
have also suggested the presence of a basal crustal layer having
velocities greater than 7.0 km/s in the area of the New Madrid
seismic zone. Mitchell and Hashim (1977) derived an Earth
model from travel times for local earthquakes. Their model
consisted of a 5.6-km-thick layer that had a compressional
velocity of 6.19 km/s overlying an 18.1-km-thick layer that
had a compressional velocity of 6.38 km/s. These layers were
underlain by a basal crustal layer that had a compressional
velocity of 7.17 km/s.

Mitchell and others (1977), using travel-time residuals of
teleseismic P- waves, produced a three-dimensional crust-
upper mantle model of the New Madrid seismic zone. They
proposed the existence of a region of low velocities extending
to a depth of at least 150 km and dipping westward beneath
the most active region of the seismic zone. They suggested that
the New Madrid seismic zone may be underlain by a mantle
hot spot such as that proposed for Yellowstone, Wyo.

Ervin and McGinnis (1975) analyzed and modeled the
positive gravity anomaly associated with the embayment as be-
ing due to a thick lower crustal layer of high density. In a
similar study, Cordell (1977) corrected for the low-density
sediments of the embayment and found a continuous, long-
wavelength, positive anomaly with amplitude (15-45 mgals)
increasing southward along the embayment’s axis.

Hildenbrand and others (1978) interpreted the extensive re-
cent aeromagnetic and gravity surveys in the northern
Mississippi Embayment and delineated several prominent
anomalies that appear to reflect the presence of major geologi-
cal or tectonic features. A narrow, linear, northeast-trending
zone of subdued magnetic anomalies was found which in-
dicates a downfaulted block (graben?) in the basement.

DATA AND ANALYSIS

Analysis of Rayleigh-wave dispersion is a powerful tool for
determining Earth structure through modeling in which the-
oretically derived values are compared with those observed.
The recent articles by Dziewonski and Hales (1972) and
Kovach (1978) provide good reviews of the use of Rayleigh
waves in crustal studies. Rayleigh-wave dispersion is most sen-
sitive to variations in shear-wave velocity (Der and others,
1970). Because shear velocities are difficult to obtain from
refraction profiling, Rayleigh-wave data provide complemen-
tary information to the compressional velocities derived from
other studies and provide data needed for determination of
Poisson’s ratios. These ratios have considerable tectonic signi-
ficance, especially considering recent studies of dilatancy and
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FIGURE 1.—Index map of study area showing surface-wave dispersion path studied (screened pattern) and results of previous refraction studies (fence
diagrams). The fence diagrams show crustal thickness, P-wave velocities, and the M-discontinuity. St. Joseph to Hannibal and Hercules to Ste.

Genevieve from Stewart (1968). Little Rock to Cape Girardeau from

McCamy and Meyer (1966). Campbell to Chattanooga from Warren (1968).

Results of Warren and others (1968) indicate a complex crustal structure in central and southern Mississippi (near and south of the Ouachita Front) and

that is not shown.

earthquake prediction. Furthermore, a low-velocity zone such
as that proposed for the New Madrid seismic zone area (Mit-
chell and others, 1977) may be more pronounced for shear
waves than for compressional waves.

However, it is important to remember that Rayleigh-wave-
dispersion studies produce Earth models that represent the
gross Earth structure averaged over the path of propagation.
Therefore, to obtain geologically meaningful results, pro-
pagation paths confined to a single geological province must
be studied. Modern digital techniques allow this to be done
with relative ease, and the resolution obtainable with this
method, combined with the low cost of such studies, makes it
an ideal technique for determining shear-velocity crustal
structure.

In this study, modern digital techniques were used to deter-
mine crustal and upper mantle structure along one leg of a tri-
partite array of stations (Press, 1956; Knopoff and others,
1966). The method of analysis is illustrated in graphical form
by the flow chart shown in figure 2.

The propagation path studied (fig. 1) traversed the area
between the stations OXF (Oxford, Miss.) and FLO (near St.
Louis, Mo.). This path was of interest because it crosses the

New Madrid seismic zone and the Mississippi Embayment. A
third station (AAM, Ann Arbor, Mich.) was used to perform a
tripartite solution to check for horizontal refractions which
could be produced by major discontinuities in crustal struc-
ture.

The data for this study consist of long-period vertical-
component seismograms from five earthquakes (table 1)
selected on the basis of their epicenters lying very near the
great-circle path joining the staions OXF and FLO. The
earthquakes were selected from the earthquake data file of the
Environmental Data Service, National Oceanic and Atmos-
pheric Administration, at Boulder, Colo.; and records for
each event were handpicked to insure quality data for each
station. The paper seismograms were digitized to provide data
at a rate of two samples per second.

In order to determine the interstation group velocities, a
cross- correlation was performed for the paths OXF-FLO and
OXF-AAM (Dziewonski and Hales, 1972). A time-variable,
bandpass filter (Pilant and Knopoff, 1964; Dziewonski and
Hales, 1972) was applied to the cross-correlograms to separate
modes and smooth the data.

The moving-window technique of Landisman and others
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FiGuRE 2. —Flow chart of digital data analysis used in this study.
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TABLE 1. — Epicentral data for earthquakes used as surface-wave sources

Origin
Time (GMT) Latitude Longitude Magnitude Station Distance to Azimuth from
Number Date h min s (°N.) (°W.) (my,) code epicenter (km) epicenter (deg)
2 04/21/1969 02 19 07.1 14 06.0 91 00.0 5.5 OXF 2273.36 4.4147
FLO 2745.05 1.4556
AAM 3211.3514.8612
3 05/01/1970 08 35 24.2 14 36.0 93 12.0 5.4 O0XF 2244.58 10.6754
FLO 2703.05 6.6589
AAM 3221.5820.1643
4 05/01/1970 20 03 27.9 14 36.0 93 36.0 5.0 OXF 2251.71 11.7793
FLO 2707.35 7.5930
AAM 3221.5820.1643
5 05/02/1970 02 06 56.3 14 42.0 93.42 5.4 OXF 2242.67 12.1050
FLO 2697.47 7.8525
AAM 3213.7220.4116
6 05/15/1970 09 44 45.2 14 30.0 92 48.0 5.4 OXF 2249.15 9.5246
FLO 2710.39 5.7014
AAM 3210.5318.5643

(1969) was applied to the filtered cross-correlograms to deter-
mine group velocities along the legs of the tripartite. This
technique involves a cos? window function that moves down
the digitized time trace centering on each velocity of interest.
The width of the window is a function of the period being ex-
amined, and for this study, a window factor of 3.0 was used.
At each dme, corresponding to a step in group velocity, the
windowed data are Fourier-analyzed at the period of interest.
This process is repeated for each period of interest. The in-
dividual Fourier-amplitude values obtained are displayed in
matrix form as a function of group velocity and period. The
plotted amplitudes are normalized so that the largest value is
set to 100 db. The mapped values are then contoured and the
resulting group-velocity dispersion curve is drawn through the
contoured data. Figure 3 shows the results of a moving-
window analysis.

Corresponding phase velocities for each leg of the tripartite
were determined using the cross-multiplication method of
Bloch and Hales (1968). In this technique seismograms
recorded at the two stations of interest are windowed by a cos?
window function, centered at the time of interest determined
by the group-velocity arrival time. The seismograms are then
filtered and a windowed section of one seismogram, whose
length is two thirds the period of interest, is point-by-point
multiplied by the other trace. The results are summed and
normalized to obtain an amplitude value for the correspon-
ding period and velocity. When the two traces are in phase,
the amplitude is a maximum of 99 db. At 180 degrees out of
phase, a minimum of -99 db is plotted. Results dre displayed
in the same format as group-velocity (fig. 4) determinations.

Using the group and phase velocities calculated between
station pairs OXF-FLO and OXF-AAM as input, a tripartite
solution was computed for each period of interest. The angle
of approach of the wave front and its velocity across the array
of stations were determined using standard equations (Press,
1956).

The geometry of the tripartite used in this study was design-
ed so that the tripartite velocities derived represent velocities
along the leg OXF-FLO. The accuracy of the angles of ap-
proach used to calculate these velocities depends on the validi-
ty of the assumption that no significant lateral refractions take
place within the array. Our present knowledge of crustal vari-
ations found in the midcontinent outside the embayment sug-
gests that these variations are too small to significantly affect
this assumption. The tripartite velocity obtained for each
period was plotted and a least- squares fit of the data provided
the dispersion curve for inversion.

The scatter in these data (fig. 5) is somewhat greater than
that usually found in the results of simple two-station analyses.
However, the lateral refractions observed in this study (usually
10-15) suggest that the tripartite calculation was worthwhile.

The generalized inversion program of Braile and Keller
(1975) was employed to invert both group- and phase-velocity
data simultaneously to obtain an Earth model. This inversion
technique uses an iterative procedure based on the Backus-
Gilbert inversion formulation (for example, Backus and
Gilbert, 1970). In the inversion, theoretical data are calcula-
ted using the Haskell- Thompson matrix approach (Thomp-
son, 1950; Haskell, 1953) as modified by Dunkin (1965). For a
given layer, variations in compressional velocity and density do
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and Ann Arbor, Mich. A, results for unfiltered correlogram; B, results for filtered correlogram.

not strongly influence theoretical dispersion curves (Der and
others, 1970). Thus, the shear-wave velocity is the only in-
dependent variable considered in the inversion process. Com-
pressional velocities are calculated from derived shear
velocities using assumed Poisson’s ratios, and densities are
derived from empirical compressional velocity and density
relations (summarized by Cook, 1962).

RESULTS AND DISCUSSION

The group- and phase-velocity data obtained in this study
are shown in figure 5, along with the curves which represent
the best “least-squares fit” to these data. Assuming no major
lateral refractions occur within the tripartite of stations OXF-

FLO-AAM, these dispersion curves reflect the general crustal
structure along the path OXF-FLO.

Two approaches were employed to derive estimates of the
uniqueness of the Earth models derived in this study. First of
all, the inversion program provides standard-deviation
estimates for the parameters treated as unknowns. Secondly, a
wide variety of inversion runs were made with differing
numbers of layers and radically different starting models.
With the resolution of the technique in mind, the models
discussed are those which satisfy the observed data and have
the fewest number of layers. Also, the main aspects of embay-
ment crustal structure were common to all of the Earth models
derived and had standard-deviation estimates suggesting that
their geological implications are valid.

Two relatively thin layers representing the Cenozoic and
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Paleozoic- Mesozoic sedimentary rocks in the embayment were
required in all models on the basis of geological evidence. The
thicknesses and velocities derived for these layers (0.5 km, 4.3
km/s; 2.3 km, 5.4 km/s) represent reasonable averages for the
propagation path, but have little geologic significance because
they represent averages over such a large area.

A simple one layer (exclusive of sedimentary cover) crustal
model (table 2) approaches an acceptable fit to the observed
data but fails to fall within the error bounds (95 percent con-
fidence interval) for the observed data (fig. 6) and does not
honor the trend of the data. However, this model and the
results of previous studies suggest some general conclusions:
(1) 47 km represents a good minimum value for the crustal
thickness of the northern Mississippi Embayment, and (2) the
average velocities of the crust are anomalously high (Vp~ 6.8
km/s; Vs ~ 3.9 km/s).

The model providing the best fit to the observed data is a
more complex three-layer (exclusive of sedimentary cover)
crustal model (table 2). This model is interpreted as the best
representation of the average crustal structure along the pro-
pagation path (OXF-FLO) which could be derived from these
data, because the addition of more layers did not improve the
fit to the observed data. This model shows the average crustal
thickness near the axis of the northern Mississippi Embayment
to be 50-55 k. However, the inversion results showed that the
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F1GURE 4. —Sample output of the cross-multiplication technique.
This example is for the path from Oxford, Miss., to Ann Arbor, Mich.

TABLE 2. — Mississippt Embayment Crustal models

[Numbers in parentheses are total crustal thickness]

Thickness P-velocity
Reference (km) (km/s)
McCamy and Meyer (1966)------~-- 3.0 4,7
5.0 6.2
22.0 A5
15.0 7.4
(45.0) 8.1

Stewart (19683):

Hercules to Gladden--—==—==-- 1.0 5.0
8.0 6.0
22.0 6.1
11.0 7.3
(42.0) 8.0
Gladden to Ste. Genevieve-—-—-— .5 5.0
3.5 6.0
21.0 6.3
17.0 6.9
(42.0) 7.8
Warren (1968)-==-==-=--===----m= 15.0 6.1
25.0 6.6
(40.0) 3.0
Rurita (1973)--------=--=---==~= 1.0 5.0
9.0 6.2
38.0 6.5
9.0 7.4
(57.0) 8.2
Mitchell and Hashim (1977)----— 1.0 2.4
1.0 4.0
5.6 6.2
18.1 6.4
? 7.2
This study (one-layer crust; ex-
clusive of surficial layers)
(0 = 0.25)====-=em=mmmmooom~ .6 4.0
3.0 4.7
43.3 6.8
(46.9) 7.9
This study (three-layer crust;
exclusive of surficial lay-
layers) (o = 0.25)-==----=-==- .5 4.3
2.3 5.4
12.6 6.3
12.1 6.8
25.8 7.1
(53.3) 7.9

resolution of the depth to the Moho provided by these data is
relatively poor for two reasons: First of all the various inversion
runs all converged to models with thick (~26 km), high-
velocity (Vp ~ 7.1 km/s; Vs ~ 4.0 km/s) layers in the lower
crust. Thus, the velocity contrast between the lower crust and
upper mantle is considerably less than normal, and the Moho
is more difficult to resolve. Secondly, the Moho may be a tran-
sitional boundary in this region.

The general aspects of crustal structure indicated by the
results of this study compare favorably with previous work in
the area (table 2). Inversions with complicated velocity struc-
tures in the mantle were run, but it should be noted that an
upper mantle, low-velocity layer at a depth of ~ 100 km (Mit-
chell and others, 1977) is consistent with but not required by
the data. The thick, high-velocity, lower crustal layer is of par-
ticular tectonic significance. Discrepancies in the thickness of
this layer (compare this study to McCamy and Meyer, 1966)
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may be accounted for by consideration of geographical loca-
tions of the paths transversed with respect to the large positive
gravity anomaly associated with the embayment (Ervin and
McGinnis, 1975; Cordell, 1977). The path considered in this
study passes near the axis of the embayment where gravity
modeling (Ervin and McGinnis, 1975) suggests that this layer
thickens.

The good agreement between this study, refraction data
(McCamy and Meyer, 1966; Stewart, 1968; Warren, 1968),
and gravity data (Ervin and McGinnis, 1975; Cordell, 1977)
prompted inversion runs in which Poisson’s ratios were varied
so as to bring the compressional velocities of this study in line
with those determined by McCamy and Meyer (1966). The in-
tegration of these data to produce a hypothetical cross section
of the northern Mississippi Embayment is shown in figure 7.
This generalized cross section lies along the gravity profile
modeled by Ervin and McGinnis (1975) and includes compres-
sional velocities, shear velocities, densities, and Poisson’s ratios
for the various layers.

The tectonic implications of these results are important but
can be briefly stated. The cross section is highly suggestive of a
failed rift zone (aulacogen?). When the rift was active, the
Moho could have been the boundary between the high-
velocity lower crust and the upper crust. The high-velocity
lower crust could have been a rift cushion, possibly represen-
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ting a mixture of crust and upper mantle material (Cook,
1962). Thus, an upwarp of the mantle could have existed
beneath the embayment. However, by the Mesozoic, this rift
cushion would have cooled to form a block of high-density
material which could have played a role in the isostatic sub-
sidence of the embayment (McGinnis, 1970).
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INVESTIGATIONS OF THE NEW MADRID EARTHQUAKE REGION

STYLE AND SIGNIFICANCE OF SURFACE DEFORMATION
IN THE VICINITY OF NEW MADRID, MISSOURI

By Davio P. Russ

ABSTRACT

A geomorphic analysis of tectonic surface deformation in the vicinity of
New Madrid, Mo., shows that the Lake County uplift is an elongate, com-
posite Quaternary structure that is associated with active faults and modern
seismicity. The uplift is about 50 km long and 23 km wide; it upwarps the
Mississippi River valley as much as 10 m in parts of northwestern Tennessee,
southeastern Missouri, and southwestern Kentucky. The composite nature
of the uplift is apparently the result of vertical movement along several an-
cient subsurface structures that are oriented with the modern stress field so as
to optimize tectonic movement. The majority of the vertical movement has
occurred during earthquakes. The Lake County uplift can be subdivided in-
to several topographic bulges, the most prominent of which are Tiptonville
dome, Ridgely Ridge, and the south end of Sikeston Ridge.

Tiptonville dome is an asymmetrical, monoclinal ridge that exhibits the
greatest upwarping and the highest topographic relief on the uplift. Its
relatively steep eastern flank is bounded by Reelfoot scarp, a complex
monoclinal fold that has a zone of normal faults (displacement about 3 m) at
its base. The zone of faults overlies, and is probably continuous with,
Reelfoot fault, a high-angle dip-slip fault that offsets subsurface Paleozoic,
Mesozoic, and Tertiary rocks. Seismic-reflection profiles reveal that the
rocks beneath Tiptonville dome are upwarped in a manner that is spatially
similar to the surface warping. The surface uplift accounts for about one-
fifth of the total deformation. Most of Tiptonville dome formed between 260
and 2000 years ago. Additional uplifting deformed the northwest and
southeast parts of the dome during the 1811-12 New Madrid earthquakes.
Ridgely Ridge is a northeast-trending symmetrical bulge underlain by a
similarly trending zone of faults. Although investigations are currently in-
complete, none of the faults has been found to displace surface sediments. As
with the Tiptonville dome, the surface expression of Ridgely Ridge mimics
the structural pattern of the subsurface rocks. Much of Ridgely Ridge ap-
pears to be older than the Tiptonville dome, but geomorphic evidence sug-
gests that it is younger than 6000 years B.P. The southern end of Sikeston
Ridge and adjacent areas of the Mississippi River valley have undergone
broad shallow upwarping. The deformation in this area probably occurred
during late Wisconsin or early Holocene time,

The Portageville bulge, located 25 km southwest of New Madrid, is not a
product of tectonism, as has been suggested, but was formed by geormnorphic
and sedimentologic processes. The bulge owes its topographic expression to
the buildup of overbank deposits that have spilled from the adjacent ag-

grading Mississippi River meander belt onto an old braided-stream surface.
The anomalously high topography in the uplands along the Mississippi River
valley bluffs between Hickman, Ky., and Memphis, Tenn., is the result of an
inversion of relief that was caused by differential erosion and is not the pro-
duct of tectonism.

A strong correlation exists between modern seismicity and the Lake Coun-
ty uplift. Approximately 75 percent of the microearthquakes recorded from
July 1974 through June 1978 in the general region between Ridgely, Tenn.,
and New Madrid, Mo., have occurred in the upwarped area. The patterns of
epicenter locations reveal intense activity along the northwestern part of the
Tiptonville dome and in the vicinity of Ridgely Ridge. The seismotectonics
of the Ridgely area, however, are quite complex. Whereas Ridgely Ridge
and underlying near-surface structures have a northeast trend, seismicity
seems to have a northwest trend. Geomorphic investigations of surface
sediments and structures, as well as historic reports, provide evidence that
the New Madrid region has been shaken by at least three earthquakes of
mp, 26.2 in the last 2000 years. A recurrence interval of about 600 years for
these large earthquakes is therefore hypothesized.

Fault-plane solutions and structural relationships are used to develop a
tectonic model for the formation of the Lake County uplift. The focal
mechanisms reveal that the major compressive stress of the modern stress
field in the New Madrid region is horizontal and trends approximately east-
west. The mechanisms also show that two of the major linear zones of
seismicity in the area are best represented as northeast-trending, en echelon,
right-lateral strike-slip faults. Movement on the two faults generates com-
pression in the region between the faults. The compression is translated into
vertical strain, resulting in uplift above the area of opposed fault movement.
This area corresponds precisely with the location of abundant epicenters and
with the area of the Lake County uplift.

INTRODUCTION

The identification and characterization of tectonic surface de-
formation are often important elements in the establishment
of relationships between structural framework and seismicity.
This paper describes the occurrence and style of Holocene sur-
face deformation in the general region surrounding New
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FIGURE 1. --Map of New Madrid region showing location of geomorphologic features, towns, and limit of the Lake County uplift.
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with earthquakes; little is known about large-scale aseismic de-
formation.

The surficial tectonic structures identified in the present in-
vestigation and, in part, described in previous reports are low
uplifts that have only subtle expression in the landscape and
folds and faults exposed in a shallow exploratory trench. Con-
sequently, sensitive geomorphological methods capable of
detecting and resolving very minor anomalies and small-scale
structural features, as well as standard geologic techniques,
have been used in the investigation. With the exception of the
Reelfoot Lake area, basins or “sunk lands” are not included in
this report. Although many of these features may have been
directly or indirectly generated by tectonic processes, they are
not tectonic structures by strict definition. The structures that
are identified near New Madrid have resulted in interpreta-
tions that afford a clearer picture of the temporal and spatial
interrelations among surface and subsurface tectonic defor-
mation, the geomorphic evolution of the Mississippi River
valley, and seismicity.

LAKE COUNTY UPLIFT

Lake County uplift is a gently sloping, irregularly shaped
topographic bulge whose surface has been upwarped as much
as 10 m above the general level of the Mississippi River valley
in parts of northwestern Tennessee, southwestern Kentucky,
and southeastern Missouri (figs. 1 and 2). The deformed area
has a maximum length (roughly north-south) of about 50 km
and a maximum width of about 23 km. Relief across the sur-
face of the uplift is uneven and asymmetric. The surface is
largely dominated by two elongated bulges: one trending
north-south and located northeast of Tiptonville, Tenn. (Tip-
tonville dome), and the other trending northeast in the vicinity
of Ridgely, Tenn. (Ridgely Ridge). The former feature is
strongly asymmetric, being bordered along its eastern flank by
Reelfoot scarp. The Lake County uplift encompasses parts of
four different geomorphic surfaces: the modern Mississippi
River meander belt (the Mississippi River flows obliquely
across the uplift from northeast to southwest) and three
separate Mississippi River braided-stream terraces (Little
River surface, Sikeston Ridge, and an unnamed surface east of
Sikeston Ridge) (fig. 2). Because these surfaces have had dif-
ferent origins, are of different ages, and have experienced
varying forms of geomorphic modification subsequent to their
formation, determination of the magnitude, character, and
timing of the uplift is complex and must be evaluated careful-
ly. For example, lateral planation of the Mississippi River dur-
ing and following the most active periods of deformation has
eroded a considerable amount of the uplift’s surface. Figure 3
delineates that part of the uplift which the river modified bet-
ween 1820 and about 1970.

Although the presence of an uplift in Lake County, Tenn.,
has been suggested for more than 150 years, few detailed
studies that characterize the deformation have been made.

Usher’s (1837) early work inferred an area of uplift east of the
Mississippi River from just south of New Madrid to the mouth
of the Obion River. He attributed the uplift to deformation
produced during the New Madrid earthquakes of 1811-12.
McGee (1892) recognized that the deformation extended from
Tennessee into southeastern Missouri, and he named it the
Lake County uplift. In his classic bulletin on the New Madrid
earthquake, Fuller (1912) called the uplift the Tiptonville
dome. More recently, in a lengthy study, Stearns (1979) reviv-
ed the name “Lake County uplift” and subdivided the struc-
ture into physiographic bulges or “flood islands,” of which the
two most prominent are Tiptonville dome and Ridgely Ridge.
This report will continue the use of the name “Lake County
uplift” because of the precedents in the literature, and because
such a broad term permits the individual parts of the uplift to
be described with greater flexibility, clarity, and precision.

The investigations listed above, as well as those by Glenn
(19383), Fisk (1944), and Krinitzsky (1950), concur with Usher’s
conclusion that the topographically high area in Lake County,
Tenn., is of tectonic origin. Proof, however, of the tectonic
origin of the structure and of its time of formation has general-
ly been inconclusive, largely because subsurface drilling, geo-
physical information, and absolute age data have not been
available, and because appropriate studies were simply not
undertaken. Evidence gathered during the current investiga-
tion, combined with previously published data confirms the
tectonic origin of the topographic bulge. This evidence is as
follows:

1. Comparison of longitudinal topographic profiles made
along the modern natural levee of the Mississippi River
(generally the highest elevations on the flood plain) with
profiles made on adjacent parts of the Lake County uplift
reveals that the surface of the uplift is significantly higher
than any naturally occurring landform in the modemn
meander belt (fig. 44). This observation agrees with previ-
ously stated qualitative assessments of an anomalously high
surface in the area in question (Usher, 1837; McGee, 1892;
Fisk, 1944).

2. Interpretation of longitudinal topographic profiles made
of abandoned river channels and natural levees situated on
the old meander-belt surface of the uplift shows, conclu-
sively, that the original channel and levee gradients have
been significantly warped, some to the extent that slopes,
representing the original river-flow direction, have been
reversed (figs. 5, 64, 6B, 6C).

3. Transverse topographic profiles drawn across Reelfoot
scarp, which forms the boundary of Tiptonville dome on
the east side, reveal a predominantly convex slope, consis-
tent with an uplift origin (Russ and others, 1978). If the
scarp had formed solely by erosion, a straight or convex-
concave slope would have most likely developed. Reelfoot
scarp vertically offsets abandoned Mississippi River chan-
nels, which once crossed the area.
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FIGURE 2. - Isobase map showing amount and pattern of deformation of Lake County uplift. Bold lines indicate contours of equal uplift; solid where deter-
mined by direct measurement; dashed where calculated by reconstruction process (see text). Thin lines indicate idealized preuplift meander-belt con-
tours; solid where determined by direct measurement; long and short dashed where determined by reconstruction process (see text). Values are in feet;

to convert to meters divide values by 3.281.

4. Structures identified in an exploratory trench excavated
across Reelfoot scarp indicate that the majority of the
scarp is a monoclinal flexure formed as the adjacent Tip-
tonville dome was uplifted (Russ and others, 1978; Russ,
1979).

. Standard Vibroseis reflection profiles, part of an extensive
series of lines run in the upper Mississippi Embayment dur-

ing the past 4 years (Zoback, 1979; Hamilton and Zoback,
1979; Crone and Brockman, this volume), show that the
well-resolved Late Cretaceous-Paleozoic, Paleocene-Late
Cretaceous, and Eocene-Paleocene reflectors are arched
upwards over an area generally coincident with the Lake
County uplift. The subsurface arching reaches a max-
imum precisely where the surface uplift is greatest: be-
neath Tiptonville dome and Ridgely Ridge. Beneath the



STYLE AND SIGNIFICANCE OF SURFACE DEFORMATION, NEW MADRID, MISSOURI

uplift, the post-Paleozoic section is generally characterized

by intense deformation including local doming, fractur-

ing, and faulting. Apparent igneous intrusive masses have
also been identified.

The deformation that generated the Lake County uplift is
reflected in the surface topography. Constructional and ero-
sional fluvial processes operating before, during, and after the
most intense periods of upwarping, together with the original
relief, have resulted in a surface that is uneven and irregular.
The uplifted surface is relatively broad and flat north of the

89°52°30"" 89°45'00"
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Tennessee State line (lat 36°30’ N.). Most of the relief in this
area is erosional in origin. It was produced during the cutting
of the Sikeston Ridge scarps by braided streams, during lateral
migration of the Mississippi River as it eroded parts of Sikeston
Ridge and older uplifted areas within the meander belt, and
by incision along local streams in response to man’s activities.
Positive relief of a nontectonic origin is especially evident
within the large meander loop immediately south of New
Madrid and on the Little River surface west of the meander
belt. The former location has been aggraded by deposition of
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FIGURE 3. ~ Map showing area of Lake County uplift modified by Mississippi River meander belt that has been reworked by river migration
from 1820 to 1970; relict braided river channels on the Little River surface also shown. Data from Fisk, 1944.
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from 1820 to 1970.

natural-levee deposits and by the accumulation of more than 3
m of dune sands. The latter surface has received a sizable
amount of natural-levee deposits.

Between the Kentucky-Tennessee State line and the city of
Tiptonville, the topography is dominated by Tiptonville
dome. This north-south-trending elliptical bulge has the
greatest uplift and consequently the highest elevation of any
point within the Lake County uplift. Relief between the dome
and the adjoining area east of the uplifted area reaches a max-
imum value of slightly more than 10 m. The east side of Tip-
tonville dome is bounded by Reelfoot scarp, a folded and
faulted structure whose convex slope has a maximum dip of
about 3° (which in an area of very low relief like the Mississippi
valley is a prominent slope!). The northwestern physiographic
edge of Tiptonville dome (about 0.5 km west of Cronanville,
Tenn.) is marked by a low but conspicuous 1.5-m scarp. The
scarp, and the area immediately west of it, was formed by
lateral migration of an ancient Mississippi River course and is
not directly the product of tectonic deformation. The
meandering channel incised the older meander-belt deposits
and left behind a well-developed set of point-bar ridges and
swales. It is difficult to establish whether the incision occurred
prior to, during, or between pulses of uplift on the Tiptonville

dome. The incised surface is itself warped upwards about 4.5
m. The southwestern edge of Tiptonville dome is sharply trun-
cated by an abandoned Mississippi River channel, which cut
into the edge of the dome as recently as the 1890’s.

Between Reelfoot Lake and Ridgely, Tenn., the Lake
County uplift narrows. The surface in this area is dominated
by northeast-trending Ridgely Ridge. The flanks of the ridge
have dips of 1° or less. Maximum relief on the ridge is about
6.0 m.

In general, the physiographic boundary of the Lake County
uplift is only approximately known. This is because as the
uplift diminishes outward toward areas of no deformation, the
erosional and depositional relief on the various fluviatile sur-
faces begin to exceed the amount of uplift and thus obscure
the zero-uplift boundary. Along most of this boundary the
slope is less than 1°. Only along Reelfoot scarp between the
Mississippi River and the southern edge of Reelfoot Lake and
in an area southwest of Ridgely, Tenn., is the border of the
uplift sharp and easily distinguishable.

Determination of the pattern and amounts of absolute
uplift for the Lake County uplift is a complex process involving
an interrelated study of soils, subsurface boring data, land-
form morphologies, and the topographic framework of the



STYLE AND SIGNIFICANCE OF SURFACE DEFORMATION, NEW MADRID, MISSOURI

three abandoned braided-stream surfaces and of the modern
Mississippi River meander belt. Figure 2 is an isobase map
showing the cumulative gross upwarping of Lake County
uplift. Because of substantial differences in original elevation
and slope, mode and time of formation, and type and amount
of post-formation geomorphic modification, each of the four
surfaces must be analyzed individually before being combined
into a single map displaying total uplift such as is shown in
figure 2. The thin contours shown on figure 2 (275, 280, 285,
290, 295,) represent an idealized configuration of the
downstream slope of the modern Mississippi River meander
belt as it may have existed prior to modification. (The possibi-
lity of uplift in the vicinity of the meander belt prior to the
meander belt’s formation will be discussed shortly.) The posi-
tion of these contours was ascertained by dividing the area bet-
ween the nearest undisturbed upstream and downstream con-
tours (270 and 300 ft, on fig. 2) into generally equally spaced
segments. The idealized flood plain has, therefore, a relatively
smooth slope, characteristic of the meander belt as a whole,
On the other hand, examination of a detailed topographic
map of the area reveals that the present slope of the meander
belt is highly uneven and has been significantly disturbed. The
bold isobase contours drawn on figure 2 consist of solid lines
representing lines of equal uplift determined by direct com-
parison of the modern deformed topographic surface with the
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reconstructed “preuplift” meander-belt surface and of short
dashed lines representing lines of equal uplift, determined by
comparing the reconstructed “preuplift” meander-belt surface
with a deformed surface substantially modified by geomorphic
processes. Thus, the positions of the bold dashed contours take
into account degradation of the uplifted area by river erosion
and aggradation produced by natural levee, backswamp,
crevasse, and eolian deposition. Geomorphic modification oc-
curred both concurrently and subsequent to the uplift. When
comparing the uplift measured on the modern Mississippi
meander belt with that on the braided terraces, it is important
to consider that the meander belt is younger than, slopes at a
different angle and direction than, and was formed by modifi-
cation quite different from that on the braided terraces.
Careful comparison of the reconstructed meander-belt con-
tours of figure 2 with reconstructed contours on the adjacent
braided surfaces (not shown) reveals that throughout most of
the region the meander belt has aggraded itself above the level
of the older Little River surface and the unnamed braided sur-
face east of Sikeston Ridge by amounts ranging from 0 to 4.5
m and averaging 3.7 m. In places, the aggradation has damm-
ed off the mouths of small stream valleys tributary to the
Mississippi River from the the east. Hatchie River valley, for
example, lies 1.2-2.7 m below the level of the Mississippi
meander belt (fig. 7). In the far northeastern part of the area,
the meander belt has entrenched the braided terrace by about
1.5 m. Failure to recognize basic sedimentologically produced
differences in the elevations of the surfaces under study would
result in substantial errors in the amount of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>